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13  ABSTRACT  .......  T  .  V 

The  theoretical  capabilities  of  two- conductor,  open-wire  transmission  lines  (OWLs) 
as  probes  to  measure  the  macroscopic  electrical  properties  of  a  forest  are  examined 
under  the  premise  that  a  forest  can  be  represented  as  a  lossy  dielectric  slab.  A 
laboratory  experiment  with  a  line  inserted  in  a  relatively  homogeneous,  isotropic 
slab  of  Styrofoam  was  performed  to  verify  certain  approximations  in  the  analysis  o I 
such  a  line  when  a  void  (hole)  exists  in  the  slab  near  the  line.  The  effective  sens¬ 
ing  radius  for  a  300-ohm  line  is  shown  to  be  about  one  and  one-half  line  spacings. 

The  limitations  of  a  transmission-line  probe  for  inhomogeneous  and  anisotropic  di¬ 
electrics  are  discussed. 

The  forest  also  is  considered  as  a  synthetic  dielectric  composed  of  lossy  scatlerers. 
The  equivalent  circuit  of  a  short  scatter©!’  (length  small  relative  to  the  RF  wave¬ 
length)  as  a  load  on  the  transmission  line  is  shewn  to  be  a  lossy  capacitor.  The 
valuos  of  capacitance  and  resistance  for  isolated  trees  woro  moasured  and  observed  to 
depend  on  (among  othor  things)  treo  height,  diameter,  conductivity,  and  distance  from 
the  line.  A  forest  was  simulated  in  the  laboratory  with  woodon  bars  and  also  with 
motal  rods  positioned  at  random  along  a  transmission  lino.  Tho  complex  dielectric 
constant  of  the  synthetic  forest  was  deduced  from  the  propagation  constant  of  the 
line  as  determined  from  impedance  bridge  readings,  Tho  results  were  In  reasonable 
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13.  Abstract  (concluded) 


agreement  with  values  obtained  from  a  computer  program  for  a  transmission 
line  loaded  randomly  with  lossy  shunt  capacitors  of  a  sisie  and  distribu¬ 
tion  similar  to  that  of  the  simulated  forest.  The  computer  model  was  used 
to  investigate  the  effect  of  the  number  of  scatterers  per  wavelength 
along  the  line,  and  the  electric  susceptibility  (e  -  1)  was  seen  to 
increase  linearly  with  the  number  of  scatterers  per  wavelength.  A  brief 
investigation  cf  the  macroscopic  electrical  properties  of  a  volume  con¬ 
taining  living  vegetation  in  South  Carolina  produced  results  in  general 
agreement  with  those  already  obtained  in  California,  Washington,  and 
Thailand. 

It  is  concluded  that  a  forest  can  be  considered  to  act  as  a  lossv  di¬ 
electric  slab  whose  electrical  properties  can  be  inferred  from  measure¬ 
ments  with  OWL  probes — evei:  when  significant  scatterers  (e.g,,  tree 
trunks)  are  present;  however,  the  results  of  such  measurements  (and 
particularly  in  other  cases  where  anisotropy  may  be  significant)  must 
be  interpreted  with  care.  A  future  experiment  is  recommended  where  the 
measured  OWL  equivalent  circuits  of  single  trees  are  used — along  with 
forest  mensuration  data  (e.g.,  tree  height,  diameter  and  spacing  distri¬ 
butions,  etc.) — in  the  random  scatterer  computer  program  to  estimate  the 
effective  electrical  properties  of  an  equivalent  forest  slab.  If  the 
results  of  these  suggested  experiments  are  positive,  then  a  significant 
step  will  have  been  taken  toward  relating  the  type  of  forest  descriptions 
currently  being  made  by  environmental  scientists  to  the  needs  of  researchers 
in  the  field  of  radio  propagation  and  communications. 
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ABSTRACT 


The  theoretical  capabilities  of  two-conductor,  open-wire  trans¬ 
mission  lines  (OWLs)  as  probes  to  measure  the  macroscopic  electrical 
properties  of  a  forest  are  examined  under  the  premise  that  a  forest  can 
be  represented  as  a  lossy  dielectric  slab.  A  laboratory  experiment  with 
a  line  inserted  in  a  relatively  homogeneous,  isotropic  slab  of  Styrofoam 
was  performed  to  verify  certain  approximations  in  the  analysis  of  such 
a  line  when  a  void  (hole)  exists  in  the  slab  near  the  line.  The  affec¬ 
tive  sensing  radius  for  a  300-ohm  line  is  shown  to  be  about  one  and  one- 
half  line  spacings.  The  limitations  of  a  transmission-line  probe  for 
inhomogeneous  and  anisotropic  dielectrics  are  discussed. 

The  forest  also  is  considered  as  a  synthetic  dielectric  composed 
of  lossy  scatterers.  The  equivalent  circuit  of  a  short  scatterer  (length 
small  relative  to  the  RF  wavelength)  as  a  load  on  the  transmission  line 
is  shown  to  be  a  lossy  capacitor.  The  values  of  capacitance  and  resis¬ 
tance  for  isolated  trees  were  measured  and  observed  to  depend  on  (among 
other  things)  tree  height,  diameter,  conductivity,  and  distance  from  the 
line.  A  forest  was  simulated  in  the  laboratory  with  wooden  bars  and  also 
with  metal  rods  positioned  at  random  along  a  transmission  lino.  The  com¬ 
plex  dielectric  constant  of  the  synthetic  forest  was  deduced  from  the 
px'opagation  constant  of  tho  lino  as  determined  from  impedanco  bridge  read¬ 
ings.  Tho  results  woro  in  roasouablo  agrooment  with  values  obtained  from 
n  computer  program  for  a  transmission  lino  loadod  randomly  with  lossy 
shunt  capacitors  of  a  size  and  distribution  similar  to  that  of  the  simu¬ 
lated  forest.  Tho  computer  model  was  used  to  investigate  the  effect  of 
tho  number  of  scatterers  per  wavelength  along  the  line,  and  tho  electric 
susceptibility  (<  -  1)  soon  to  Increase  linearly  with  the  number  of 
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scatterers  per  wavelength.  A  brief  investigation  oi  the  macroscopic 
electrical  properties  of  a  volume  containing  livirig  vegetation  in  South 
Carolina  produced  results  in  general  agreement  with  those  already  obtained 
In  California,  Washington,  and  Thailand. 

It  is  concluded  that  a  forest  can  be  considered  to  act  as  a  lossy 
dielectric  slab  whose  electrical  properties  can  be  inferred  from  measure¬ 
ments  with  OWL  probes— even  when  significant  scatterers  (e,g,,  tree  trunks) 
are  present;  however,  the  results  of  such  measurements  (and  particularly 
in  other  cases  where  anisotropy  may  be  significant)  must  be  interpreted 
with  care.  A  future  experiment  is  recommended  where  the  measured  OWL 
equivalent  circuits  of  single  trees  are  used—along  with  forest  mensura¬ 
tion  data  (e.g.,  tree  height,  diameter  and  spacing  distributions,  etc.) — 
in  the  random  scatterer  computer  program  to  estimate  the  effective  elec¬ 
trical  properties  of  an  equivalent  forest  slab.  If  the  results  of  th._, j 
suggested  experiments  are  positive,  then  a  significant  step  will  have 
been  taken  toward  relating  the  type  of  forest  descriptions  currently  being 
made  by  environmental  scientists  to  the  needs  of  researchers  in  the  field 
of  radio  propagation  and  communications. 
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I  INTRODUCTION 


In  the  study  of  tho  propagation  of  radio  waves  through  a  forest, 
a  model  has  been  suggested  and  demonstrated  as  feasible  in  which  the 
forest  is  represented  by  one  or  more  layers  of  dielectric  above  a  flat 


earth.  The  purpose  of  the  Investigation^ at  the  University  of  South 
Carolina  (the  results  of  which  are  reported  here)^was  to  develop  the 
theory  pertaining  to  the  use  of  open-wire  transmission-line  (OWL)  probes 
for  measuring  and  calculating  the  equivalent  dielectric  constant  and 
loss  tangent  (or  conductivity)  of  the  forest  region^for  use  in  this 
propagation  model.  Preliminary  results  from  this  study  woro  reported 
in  Bef.  7. 


Mary  different  techniques  for  the  measurement  of  the  dielectric 
constant  and  the  loss  tangent  of  a  continuous  medium  have  been  developed. 
These  techniques  generally  fall  into  two  categories;  those  which  use 
transmission  through  a  sample  and  those  which  use  tho  reflection  from 
tho  s-omplo.  The  open-wire  transmission-lino  method  discussed  in  this 
report  belongs  to  the  first  category;  it  has  boon  used  t@  measure  the 
effective  macroscopic  electric*!  properties  of  forest  regions  in  the 
United  States3 »9  and  in  Thallium.15***3**3  However*  when  the  open® 
wire  line  is  usud  for  this  purpose*  several  questions  ariee  which  must 
be  answered  before  the  validity  of  the  weasuriug  technique  can  be  estab¬ 
lished.  One  such  quest ian  concerns  how  well  a  group  of  randomly  spaced* 
discrete  scatterers  can  be  represented  in  the  node!  toy  a  single  paranater 
(the  comploM  dielectric  constant)  and  whether  or  not  this  paranater  has 
the  aawe  sign  if  leaned  for  plane-wave  propagation  that  it  does  lor  a  tilt 
wave--©#'  quasi«toi  wave»*e»  a  transasiss  ton  line,  in  regard  to  the 
measurement  of  this  parameter  with  a  trausaissteo  line,  several  other 
questions  arise,  tor  om ample*  how  does  the  support,  structure  for  the 
line  affect  the  accuracy  of  the  neasurenent  and  wfeat  is  the  relative 
effect  of  seat. terete  at  different  distances  iron  the  tide? 

* 

Reference*'  are  listed  at  the  end  of  the  report* 
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One  support  structure  considered  for  use  on  this  project  consisted 
of  a  two-wire  line  covered  with  a  fiberglass  cylinder.9  This  type  of 
line  could  be  Inserted  conveniently  into  dense  vegetation  while  still 
maintaining  the  tolerance  on  conductor  spacing.  Unfortunately,  since 
the  protective  fiberglass  cylinder  excluded  vegetation  from  the  immediate 
vicinity  of  the  line,  tho  following  questions  arose:  How  must  the  com¬ 
putational  formulas  be  modified  to  take  into  account  the  absence  of  the 
forest  medium  in  the  immedJ.;*e  vicinity  of  the  line?  How  is  tho  accuracy 
of  the  measurement  affected?  Idas©  questions  have  been  considered  and 
are  answered  in  some  detail  in  this  report. 

The  effect  of  seatterors  near  a  two-wire  transmission  line  was  in¬ 
vestigated  experimentally  in  tho  laboratory  and  in  the  field.  Dry  and 
wet  wooden  bars  and  aluminum  rods  were  used  individually  and  in  groups 
to  simulate  in  the  laboratory  tho  effects  of  tree  trunk#  sud/or  branches. 
The  measurements  on  individual  scotterers  yielded  equivalent  circuits  of 
the  stutterers  (as  seen  by  the  transmission  line)  os  lumped -const ant 
load#  at  the  location  of  the  scatterer  along  the  line.  These  equivalent 
circuits  then  were  used  to  compute  the  effects  of  a  ro tides  distribution 
of  such  scotterers  and  to  infer  the  effective  macroscopic  electrical 
properties  of  o  volume  containing  these  scotterers.  Measurement#  wer^ 
made  on  random  distribution#  of  thss©  scatterer#  for  comparison  with  tits 
computed  values.  Measurements  on  freshly  cut  vegetation  (tree  blenches) 
and  living  vegetation  were  made  to  chock  the  reasonableness  of  the 
simulation. 

this  report  is  organised  so  that  the  development  of  most  of  the 
various  formulas  and  equation#  used  are  presented  in  the  appendices. 

Some  of  -these  are  rather  standard  and  are  reproduced  for  the  convenience 
of  the  reader.  Others  were  not  found  sn  the  literature,  at  least  in  the 
for®  in  which  they  are  usee  here.  In  Sec,  li  the  theory  of  #sier»ioiog 
the  dielectric  constant  and  loss  tangent  from  transmission “line  measure¬ 
ments  is  reviewed,  and  the  formulas  for  computation  are  esplaine*?, 

Section  ill  is  concerned  with  the  power-densit r  distribution  in  the  wave 
around  a  two-wire  line  and  the  relative  effect  of  inhomogem, it ies  at 
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different  positions  as  u  consequence  of  the  distribution.  The  effect 
of  the  fiberglass  support  structure  is  considered  in  this  context.  In 
Sec.  IV  we  consider  the  power  densities  in  two  orthogonal  polarizations 
and  the  limitations  of  the  measuring  line  for  resolving  anisotropic 
properties  of  the  medium  as  a  result  of  these  distributions.  Section  V 
presents  measured  data  which  show  that  individual  ecotterers  of  the  type 
we  are  considering  can  be  represented  as  lossy  capacitors  on  the  trans~ 
mission  line.  In  Sec.  V  we  also  consider  the  representation  of  the 
macroscopic  effect  of  distributions  of  these  scatterers  (including  small 
trees)  by  a  single  parameter,  ths  complex  dielectric  constant.  Section 
VI  presents  the  conclusions  from  this  study  and  the  recommendation  of  an 
experiment  to  test  the  hypothesis:  that  one  can  determine  the  OWL 
equivalent  circuit  of  a  single  tree  as  a  function  of  tree  type  and 
gaometry  (tree  diameter,  height,  branch  configuration,  distance  from 
line,  etc.)  by  measurement ;  and,  knowing  the  statistics  of  a  givon 
forest  (tree  type,  height  and  spacing  distributions,  etc,),  ono  can 
compute  the  effective  macroscopic  electric  constants  for  that  forest 
considered  as  a  lossy  dielectric  slob. 
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II  THEORY  OP  THE  USE  OF  TRANSMISSION  LINES  FOR  MEASURING  1'as 
MACROSCOPIC  ELECTRICAL  PROPERTIES  OF 
HOMOGENEOUS,  ISOTROPIC  DIELECTRICS 


A.  General  Comments 

The  macroscopic  electrical  properties  of  homo$Q\.~<  *;s,  isotropic 
dielectrics  can  be  adequately  described  for  oei-  purposes  by  two 
parameters,  the  complex  relative  dielectric  constant,  and  the  com¬ 
plex  relative  permeability,  The  two  parameters  con  be  computed 
from  the  characteristic  impedance,  Zc,  and  the  propagation  constant,  y, 
of  o  transmission  line  in  which  the  space  between  the  conductors  it 
filled  with  the  material  in  question.  Wo  will  write; 


U  *  JX 
e  v 


For  an  open  two-wire  lino  in  a  dielectric; 


it  ho#  twit  booh  considered  neceges-ry  to  geperite  epyetieos  invoicing 
(cwai ex  v#riebl@s  tats  reel  end  ijeogingry  ports ,  tie  facility  with 
which  cpwplwx  f.uwbc r*.  end  functions  can  be  hetwiSOd  by  eedem  ceepiSor* 
iwoch  we  Fortran  IV)  ogfcgi  tie  coepS«*  for#  -»f  the  eyostson  wore  c«^- 
Veuient  for  coOpotatlOoil  p«rpO*e^  l  has  a (V  the  two  taqwwai  e^uati^oe 
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where  a  is  the  radius  of  the  conductors  and  b  is  half  tho  distance  be¬ 
tween  the  conductors.  For  the  same  transmission  line  in  air.  Z  becomes 

’  c 


and  v  becomes 


Therefore, 
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Solving  those  two  equations  for  c  and  u  .  we  obtain 
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Two  other  forms  of  tho  formula  for  coaputiug  y,  either  of  which 
may  to  more  convenient  to  uso,  are: 

v  .  1 I^j 

and 


In  using  this  method  one  usually  finds  that  a  line  approximately 
an  eighth  of  a  wavelength  long  yields  good  results  since  for  this  length 
the  magnitude  of  both  the  hyperbolic  trngent  and  hyperbolic  eetorgmjst. 
are  sppmx  iaatoly  unity  and  hence  the  oagnttudes  of  2 and  2^  are  of 
the  order  of  Jz  L  a  range  in  which  the  accuracy  of  most  bridges  is  high. 

v 

C.  Varirble-i,vngth--Pixe-d-Tcminat ion  Method  of  Measuring  the 
Charagrte-riatic  impedance  and  Propagation  Constant  of  tt 
Transmission  Line 

Another  method,  based  m  impedance  bridge  measurements,  of  finding 
the  characteristic  impedance  and  propagation  constant  of  0  transmission 
line  consists  of  making  two  measurements  of  the  input  impedance;  for 
both  measurements  the  line  section  is  terminated  in  the  same  impedance, 
tot  the  length  of  the  section  is  changed  between  the  measurements,  in 
theory,  any  termination  anf  any  fee  lengths  will  suffice,  but  of  course 
the  accuracy  will  be  eery  dependent  on  the  choice  of  both  length  and 
termination  since  the  chosen  lengths  and  the  chosen  termination  affect 
the  input  impedance  at  the  bridge  terminals,  ve  will  illustrate  the 
method  with  an  opea-^nxeit  termination  and  two  lengths  which  are  **■ 
ratio  of  l  to  2.  this  is  a  convenient  combination  and  the  accuracy 
should  to  good  whoa  the  shorter  length  is  about  three *si*teentbs  of  ? 
wavelength  long  in  this  case  write  340  for  the  input  impedance  of  the 
shorter  section  sad  £(2£)  for  the  input  impedance  of  the  longer  section. 
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Then, 


2{£)  a  ZQ  coth  y£ 
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:n  -NKCauGErnTY  LIMITATIONS  of  transmission-line  methods 


A .  Relative  power  Density  around  a  Two-Wire  Transmission  Line 

In  the  preceding  section  we  assumed  that  the  transmiss ion-line 
probe  would  be  inserted  into  a  homogeneous,  isotropic  dielectric.  We 
desire  to  use  this  probe,  however,  to  measure  the  average  value  of  the 
dielectric  constant  in  an  inhomogeneous  materiel.  One  might  ash,  then, 
over  how  large  a  volume  are  we  averaging  when  we  make  one  measurement, 
or  what  is  the  effective  volume  of  the  sample  measured  by  the  transmission 
line  probe?  To  answer  these  questions  we  must  consider  how  the  power 
carried  in  the  transmission-line  wave  is  distributed  about  the  line. 

A  contour  plot  of  the  relative  power  density  around  the  transmission 
line  in  a  plane  normal  to  the  line  is  shown  in  Fig.  1  (see  Appendices  A 
and  B  for  derivation) .  The  point  midway  between  the  conductors  was 
choson  as  a  reference  (0  dS) .  The  c<  ordinates  are  normalized  so  that 
the  bipolar  centers  are  at  the  poi>  tS  x  =  ii,  y  ?  0.  With  these  nor¬ 
malizations  the  contours  are  independent  cf  tho  characteristic  impedance 
of  tho  line.  For  a  line  with  a  particular  characteristic  impedance  we 
can  draw  circ?es  with  tho  appropriate  centers  and  radii  to  shew  where 
the  conductors  would  be.  These  elrelos  will  enclose  tho  bipolar  centers. 
All  contours  or  parts  of  contours  which  fall  within  those  circles  should 
bo  disregarded .  Wo  soo,  then,  that  tho  effect  of  increasing  tho  charac¬ 
teristic  impodanco  for  a  line  with  fixod  spacing  is  to  udd  high  powor- 
density  contours  in  tho  region  vory  noar  the  conductors  and  thus  to  in¬ 
crease  tho  fraction  of  tho  power  in  this  region.  Tho  high  powor-donsity 
contours  for  a  lino  with  high  characteristic  impedance  aro  vory  nearly 
circles  concentric  with  tho  conductor  surfecos.  For  a  lino  of  any 
characteristic  impedance  tho  low  powor-donsity  contours,  -15  dB  or  less, 
are  also  almost  circular;  tho‘  latter  aro  concentric  obout  tho  mld-pciut 
botwoon  tho  conductors.  This  near  circularity  loods  to  tho  concept  of 
'radius  of  effort"  or  "sousing  radius"  discussed  below. 


Preceding  page  black 
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FIG.  1  RELATIVE  POWER  DENSITY  AROUND  AN  OPEN-WIRE  TRANSMISSION  LINE 


Figure  2  shows  the  fraction  of  the  pewor  flowing  through  a  circle 
centered  midwoy  between  CJv;  two  conductors  of  o  300-ohm  lino  versus  the 
rodius  of  tho  circle,  r,  normalized  by  half  the  distance  between  the 
conductor  centers,  b.  Figure  3  is  a  similar  plot  wivh  the  characteristic 
impedance  of  the  lino  as  a  parameter,  except  that  tho  radius  is  normal isod 
by  half  the  distance  betwoon  the  centers  of  the  bipolar  coordinate  system. 
In  all  coses  the  circle  containing  half  tho  power  passes  through  the  bi- 
volar  Centura  of  the  conductors  (in  most  practical  coses  tho  bipolar 
centers  lie  slightly  inside  but  near  tho  physical  centers  of  the  con¬ 
ductors)  .  Per  h%h  values  of  the  characteristic  impedance  this  function 
changos  repidly  when  tho  radius  is  approximately  half  the  conductor 
spacing.  rapid  change  with  distance  Is  a  consequence  of  tho  high 


POWER  IN  CIRCLE  OF  RADIUS  r/c - psretnt 


FIG.  3  RELATIVE  POWER  DISTRIBUTION  IN  THE  VICINITV  OP  TWO-WIRE  TRANSMISSION  LINES 
OF  VARIOUS  CHARACTERISTIC  IMPEDANCES  AS  A  FUNCTION  OF  DISTANCE  FROM  A  LINE 
UIOWAV  BETWEEN  THE  CONDUCTORS 


power  dons  tty  in  the  region  near  the  conductors ,  For  o  200«-oli»  lino  95 
porecBt  of  the  power  passes  through  a  circle  whose  radius  is  A -1/3  tines 
the  conductor  spacing,  For  a  IGOO-oha  Una  95  percent  of  the  power 
passes  through  a  circle  whose  radius  is  five -sixths  of  the  conductor 
spacing ,  The  power  density  outside  the  QS^perceiti  circle  is  so  low  that 
a  seatierer  outside  this  circle  would  have  negligible  effect  on  the 
Keasurenents .  Therefore,  one  Might  say  that  the  radius  of  this  circle 
is  tho  “radius  of  effect’*  or  “sensing  radius**  of  the  transmission -I  in*? 
prab«.  For  a  -hJO-ciut  line,  since  the  power-density  contours  are  also 
nearly  circular  at  the  ShS-pereent  circle  (passing  through  *  «  3  ©n  Fig, 
I),  the  idea  of  a  radius  of  effect  is  fcosniegfui ,  For  a  loco -eh»  line, 
however,  the  radius  of  the  95 -percent  circle  is  not  iar*s  enough  for  the 
power-density  contour*  to  approximate  circles,  the  power  density  varies 
over  a  9  dll  range  on  this  circle  (pass  leg  through  s  «  l.g?  on  Fig,  II  on 


a  1001-ohn  line,  and  the  concept  of  radius  of  effect  is  sot  particularly 
meaningful . 

Figure  4  shows  the  fraction  of  the  power  flowing  through  ivc  circles 
of  equal  radius  centered  at  th«<  conductor  centers  versus  the  radius  of 
the  circles,  to  simplify  the  computations,  circles  centered  at  the  bi¬ 
polar  centers  were  used  (see  Table  l),  but  for  the  range  ef  values  of 
characteristic  impedance  shown,  the  approximation  to  circles  centered 
ot  the  conductor  centers  is  excellent.  For  a  characteristic  impedance 
of  300  ohms  50  percent  of  the  power  flows  through  the  two  circle#  whose 


f(G.  4  REtATIVE  (men  Ifc  THE  VICINITY  OF  THE  CONDUCTORS  OF  A 
TMJ-WRE  TRAKSMiSSiOW  Uk£  AS  A  FUNCTION  Of  RADII  ABOUT 
EACH  CONDUCTOR 


15 


Ublo  t 


POWER  IN  CIRCLES  OF  RADtUl  r,  CENTERED  AT  BIPOLAR  CENTERS  Off 
VKO^m  TRANSMISSION  LINE 


R 

>N^f 

r/b_>*j 

250 

300 

0,05 

0.0000 

0.0000 

0,10 

0.0000 

0.0000 

0,16 

0.0000 

0,0000 

0,20 

0.0000 

0.0618 

0.25 

0,0000 

0.1724 

0,30 

0.0903 

0.2469 

0.35 

0.1125 

0.3104 

0.40 

0,2392 

0.3660 

0.45 

0.296? 

0.4156 

0.50 

0.3525 

0.4604 

0.55 

0.4019 

0.5016 

0.60 

0.44?? 

0.5397 

0,65 

0.4905 

0.5755 

0,70 

0.5310 

0.6091 

0.75 

6,5694 

0.6411 

0.60 

0.6061 

0,6717 

0.65 

0.6414 

0.7015 

0.00 

0,6m 

0,7297 

0,65 

0,7090 

0,7575 

IM 

9,?4i§ 

i-n - i  ----- 

0 .784? 

350 

400 

450 

0.0000 

0.0000 

0,0165 

0.0000 

0.1020 

0.2017 

0.1134 

0.2242 

0.3104 

0.2130 

0.3113 

0.3879 

0.2606 

0.3793 

0.4483 

0,3545 

0.4352 

0.4979 

0.4090 

0.4828 

0.5403 

9.4566 

0.5245 

j  0.5773 

0,4991 

0.5617 

0.6104 

0,5375 

0.5953 

C.6403 

0.5718 

0.6262 

0,6677 

0.6055 

0.6548 

0.6932 

0.6361 

0.6616 

0.7170 

0,6650 

0.7068 

0.7394 

0.6924 

0.7308 

0.7608 

0.7186 

0,7538 

0,7612 

0.7439 

0,7?59 

0,8009 

O.f §83 

0.7973 

a. &1J6 

0,7921 

0.6181 

0.8383 

0,81.54 

0,8385 

0.8584 

i — . - 

500 

750 

1000 

0.1149 

0,4099 

0.5574 

0.2816 

0.5210 

0.6408 

0.3794 

0.5862 

0.6897 

0.4491 

0.6327 

1  0.7245 

! 

0.5034 

0.6690 

0.7517 

0.5481 

0.6988 

0.7741 

0.5863 

0.7242 

i  0.7931 

0.6196 

!  0.7464 

0.6098 

0.6493 

0.7662 

0,8247 

0.6763 

!  0*?B42 

i 

0,8381 

0.7010 

0.8006 

0.8505 

0.7338 

|  0.8159 

|  0.8619 

0.7453 

!  0.8302 

|  0.8726 

0.7655 

0.843? 

0.8827 

0,7847 

j  0,8565 

0,8923 

0.8030 

0.868? 

0.9015 

0.820? 

0,6805 

0.9104 

0.8378 

0,6919 

0,9169 

0,8545 

0,9030 

6,9272 

9,8708 

0,9139 

0.9334 

rsdius  id  0 ,2?5  OS'  tfts  l  i»v  *  pacing  and  ?§  ^ercsnt  tti  the  poser  floes 
tferoUg?;  ike  t»*§  circles  wfcose  radlvs  is  sfeS-fesif  df  lie  lias  spec  tap , 
Far  9  IrOO-ufe*  Iijm?  ibe  SO-perCSiii  rsOivs  is  O.Oi5  «s5  tfee  line  spec in^, 
MMi  Uw  04 -percent,  re  Si  us  0,05  $1  Ute  liSS  speciag. 
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B.  Two -Wire  tine  above  a  Lossy  Half -Space 


When  we  measure  the  dielectric  coaatent  of  the  forest  region  there 
ere  two  obvious  inhomogene i ties,  the  effects  of  whies*  wo  do  hot  went  to 
include  in  our  average,  those  or*  the  regions  above  end  below  the 
forest— the  air  end  the  ground.  The  interface  at  the  forest  tap  would 
usually  bo  far  from  the  measuring  line,  but  even  if  it  were  only  a  dis¬ 
tance  of  one  line  spacing  away,  one  would  expect  it  to  have  negligible 
effect  since  tbo  relative  dielectric  constant  of  the  forest  is  near  that 
of  air.  the  interface  at  the  ground,  however,  could  ho  expected  to  have 
considerable  effect  since  the  dielectric  constant  end  loss  tangent  of 
the  ground  ere  large,  for  this  reason  oeasurcoents  were  made  tr.  the 
laboratory  to  determine  now  far  above  a  lossy  half -space  the  line  must 
be  for  the  effect  of  the  .lossy  region  to  be  negligible.  Pirst,  a  300- 
ohffl  line  <3 -3/4 -inch  spacing)  was  erected  above  a  wooden  table  top  in  a 
plane  parallel  to  the  table,  and  the  open-circuit/short-c trcuil  method 
was  used  to  determine  the  propagation  constant  and  the  characteristic 
impedance  as  a  function  of  height  of  the  line  above  toe  table,  the 
tests  were  then  repeated  over  an  aluminum  plate  8  ft  by  3  ft.  the  re¬ 
sults  of  these  tests  are  shown  in  Pigs.  3,  8,  and  t.  Notice  that  the 
characteristics  of  the  line  are  relatively  independent  of  height  for 
heights  greater  than  about  one  line  spacing  fi.e,,  r/b  >  3),  indicating 
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1  1.6 1 1 


2  <2»  10 


MCio*r - >*<*« 


»«*•*** 


«a.  1  CMAHAClEfllSTIC  UtfEOAiiCt  *.  H£(GMT  AfiOVt  WOOOCJti  YA8U 
AMO  AEUUUiUM  PLATE 

that  ft,'F*St  wtiut'emaU  **Ce  *Hh  i  1  tee  pissed  !n>«  PBS  tv) 
halt  I  Va?.  ^pacings  a  have  the  groutxi  would  he  relatively  itsdeps&sest  as 
8f*ttw»  #ff«w.  these  results  are  la  sg revest  with  the  results  §f 
field  tests  with  a  jtw-eh*  Hue  ever  actual  grousd  #ad  else  with  tee** 
ciwSlotts  Sheet  the  **r«dtea  Of  effect"  of  such  a  lieu  as  deduced  4a  the 
previous  sect led* 


M,  W.  Parher,  private  eeactueiCatiee. 


C .  Effect  of  Air  Space  around  Line  Inserted  in  Otherwise 

Homogeneous,  Isotropic  Dielectric 

Several  practice!  considerations  load  us  to  consider  the  tu feet  of 
excluding  the  dielectric  of  interest  free  the  immediate  vicinity  of  the 
line  (l.o.,  placing  the  line  in  proximity  to  a  two-medium  region— s«o 
Fig.  8) .  First,  it  is  important  to  maintain  a  constant  line  spacing 
when  inserting  the  measuring  line  into  vegetation,  and,  second,  we  need 
a  line  which  is  convenient  to  carry  and  can  be  easily  and  quickly  sot 
ue  for  measurements.  One  method  suggested  for  protecting  the  line  during 
fiwld  use  was  to  encase  it  in  a  thin-walled  dielectric  tube  of  low  per¬ 
mittivity.5  this  technique  has  the  disadvantage  of  excluding  vegetation 
from  the  high-field  region  near  the  line— particularly  the  region  between 
the  conductors , 


m  «  OftAi-ttmt  TfiUKSUiSSKW  LIKfc  M  tWCMOtOtU**  KtGKW 

la  aidsr  to  see  the  effect  of  thu  eir  space  m  the  propagation 
genatsht  a os  phase  velocity,  these  two  parameters  were  computed  os 
f*?metisos  of  the  hole  diameter  wsimg  the  »pprw*i*at  two  developed  in 
Appeodfcv  S.  the  rewelts  ere  shown  its  fig.  y,  vfcc'V  the  phase  velocity 
relative  to  that  of  free  space  is  plotted  against  the  hole  diameter 
miw:S seed  to  the  half •spacing  of  the  line.  As  can  he  seem  from  the 
corves,  ooe  could  use  the  measured  phase  velocity  sod  the  feme*n  mole 
diameter  to  compute  .  vote,  however,  that  whom  the  hole  is  large 


1$ 


It  VE4UCHTV  F®R  DIFFERENT  AIR  SPACES  AROUND  AN  OPEN-WIRE  TRANSMISSION  LI 


enough  to  enclose  the  conductors  (r/b  >  l )  the  curves  becooo  quite  close 
together!  indicating  thst  a  swell  error  in  oeaeuring  the  phase  velocity 
or  propagation  constant  would  rerult  in  a  touch  largor  error  in  the 
electric  susceptibility  (&e  *  g  •»  1) .  Wo  therefore  recottse-nu  that  the 
apace  between  and  around  the  conductors  be  as  uniformly  filled  with  a 
representative  staple  of  the  aediua  as  is  practical.  But  if  one  aust 
correct  for  a  void  region  parallel  to  the  axis  of  the  line,  the  appro¬ 
priate  formula  is  (see  Appendix  B) ; 

~  v2U  zJH 
*  l  *  V2P 

where 


«  e  the  coe.ple't  relative  dielectric  constant 
v  *  uomusl  iaed  propagation  constant 
P  a  fraction  of  power  flowing  in  the  void  region. 

As  a  chuck  on  the  effect  of  an  air  space  in  the  center  region  of 
a  two-wire  itae,  th«  phase  velocity  and  propagation  constant  were  de¬ 
termined  fro®  Measured  lapedanc®  data  m  a  one-eighth  wavelength  section 
of  line  around  which  polyurethane  fesi*  had  been  poured.  A  rectangular 
cavity  was  cut  to  the  foam  (see  fit.  Id)  and  was  enlarged  after  each 
muasorvmeot  .*  Instead  of  a  two-wire  line,  however,  a  single  brass 
doctor  of  dis#e*er  was  us-**  over  an  aluaiaua  is age  plane  to  fault i 

tale  the  *e?surv#ems  with  an  ushalanced  bridge  tCensrol  Sadie, 

Be  I #30) »  An  atutciuua  plate  1*1^3  ft  by  %  ft  was  bolted  to  the  usage 
plane  for  use  as  a  short *etrto at  teroiostioe . 

the  short  “Circuited  and  open -circuited  uspedaoews  of  the  lire  were 
Measured  in  atr  and  feufed  to  be 

*  *  J*W.» 


s*  -  Jl33.® 


*fh.o  use  of  a  reetar^uiar  hole  ssi  the  f*s#  to  chech  the  theory  for  the 
geometry  of  vtg .  #  is  Valid  (see  Appendix  C"  , 
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From  those  Measured  value*,  Uui  characteristic*  lopedaoco  in  air  l*  cal* 
cuiatfed  er 


Zc  *  (4*oAc)U2  *i54'5  oft** 


fttia  result  is  ooty  slightly  than  tfco  value  calculated  fro* 

thcvry:  ISO  otuts  $4,*,,  oca -half  of  the  value  f«HP  a  3d0-eti»  title),* 

the  result*  of  tfe*  loan  *a»*0i-?aeai»  are  etaaearts**  in  fable  It, 
and  they  aro  shows** tsgstiioi»  witit  tse  corpotud  curves  of  phase  veto? tty 
vorse*  hole  #Sie«*i»  iPfog s  it,  ffc«  Measured  palais  taOivato  a  dielectric 
eoesi*ai  SOT  t&O  focus  Of  1,9?,  A  wail  Sattpie  Of  l be  ?»ar-,  «aoa  uaed  a# 
the  dielectric  of  a  coastal  capacitor,  e&ftibited  a  dieioctrit  ceeetset 
os  .i»o§. 


it.  fese  beet?  t ouos  osparifiestoiiF  it  ficessafs3  bj-  tfstbae  JtafcdrabfiiretjB 
<>«t  values  of  5^  ooaaot^  uitb.  tbs#  *essod  are  slight iy  *-5gHec  ?«»» 
abort  Hoe#  than  the  value#  esai*vted  ftoo  t&e^ry,  but.  that  the  *?sf* 
fete**#  between  tbesrof fsaiiy  derives*  use  eea-avresi  valuer  decreases  *nis 
istcreaeiiag  l;ee  lesgtfe  uitsS.tbo  ioc^u.  i*  about  three  wove  length*. 
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IV  ANISOTROPY  LIMITATIONS 

A .  Relative  Power  Density  for  rwo  Orthogonal  Polarizations 

In  the  preceding  section  we' considered  a  transmission -line  probe  sa 
a  measuring  instrument  for  determining  the  electrical  properties  of  in¬ 
homogeneous  but  isotropic  dielectrics  and  pointed  out  some  of  its  limita¬ 
tions.  In  that  discussion  we  disregarded  anisotropic  effects.  We  will 
now  consider  a  transmission-line  probe  as  an  instrument  for  measuring 
anisotropic  dielectric  properties  and  show  that  it  is  not  satisfactory 
for  this  purpose. 

One  would  expect  to  be  able  to  resolve  anisotropic  effects  if  the 
field  about  the  probe  were  predominantly  linearly  polarized  and  most  of 
the  power  was  contributed  by  the  component  which  pointed  in  a  particular 
direction.  The  field  about  a  two-wire  line  is  linearly  polarized  every¬ 
where  but  varies  in  direction  from  point  to  point.  The  power  densities 
in  two  orthogonal  polarizations  and  the  fraction  of  the  total  now tr 
carried  in  «ach  of  them  as  a  function  of  position  around  the  line  is  not 
immediately  obvious.  It  is  obvious  from  the  symmetry  of  the  field,  how¬ 
ever,  that  if  there  is  a  polarization  which  carries  more  of  the  power 
than  any  ether,  then  it  must  be  either  that  in  the  plane  of  the  conductors 
or  that  perpendicular  to  this  plane,  since  the  two  orthogonal  polariza¬ 
tions  at  45”  to  the  plane  of  the  conductors  carry  equal  powev,  With  this 
fact  in  mind  we  computed  the  power  densities  and  the  fraction  of  the  power 
carried  by  the  two  orthogonal  polarizations,  one  in  the  plane  of  the  con¬ 
ductors  and  the  other  perpendicular  to  it  (see  Appendix  D) . 

Figure  12  is  a  plot  of  contours  of  constant  powor  density  in  tho  x- 
and  in  the  y -polarizations  where  the^ conductors  ore  on  tho  x  axis,  only 
the  first  quadrant  has  been  plotted.  The  contours  in  other  quadrants  can 
bo  obtained  by  noting  that  tho  curves  ore  symmetric  with  respect  to  tho 
x  and  y  axes,'- This  figuro  shows  that  in  tho“ region  botwoon  the  two  con¬ 
ductors  and  in  tho  vicinity  of  tho  two  axes,  taoro  of  tho  power  Is  con¬ 
tributed  by  the  x-polorizod  electric  field;  and  away  from  those  regions 
more  of  tho  power  is  contributed  by  the  y-polarizod  electric  fiold. 
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FIG.  12  RELATIVE  POWER  DENSITY  IN  X-  AND  Y-POLARIZATICN  AROUND  AN 
OPEN-WIRE  TRANSMISSION  LINE 


a 


B .  Integrated  Relative  Power  Density  for  Two  Orthogonal  Polarizations 

The  relative  power-density  expressions  for  the  x  (in  the  plane  of 
the  line)  and  the  y  (normal  to  the  plane  of  the  line)  components,  as  de¬ 
picted  in  Fig.  12,  have  been  integrated  to  determine  the  relative  power 
carried  ir  each  of  these  polarizations.  In  addition,  for  each  polarisa¬ 
tion  the  power  inside  and  outside  a  circle  centered  midway  between  tho 
conductors  and  passing  through  the  centers  of  the  bipolar  coordinate 
system  was  computed.  Tablo  HI  summarizes  the  results  of  the  integra¬ 
tion  for  lines  of  characteristic  impedance  between  100  and  1000  ohms. 

It  is  seen  again  that  half  tho  power  is  carried  within  the  circle  r/c  =>  1 
and  that  more  of  the  power  within  that  circle  is  stor-H  in  s  polarisation 
parallel  to  the  plane  containing  the  centers  of  the  conductors. 
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Table  III 


POWER  DISTRIBUTION  AROUND  TWO-WIRE  TRANSMISSION  Li'NES 
FOR  ORTHOGONAL  POLARIZATIONS— IN  PERCENT 


R 

Inside 
Circle  of 
r/c  =  1 

Outside 
Circle  of 
r/c  ss  1 

Total 

c 

p 

P 

p 

P 

P 

P 

(ohma) 

X 

y 

X 

y 

X 

y 

100 

47,32 

2.68 

27.01 

22.99 

74.33 

25,67 

150 

44.91 

5.09 

23.45 

26.55 

68.26 

31.64 

200 

42.52 

7.48 

21.94 

28.06 

64.46 

35.54 

250 

40.39 

9.61 

21.42 

28.58 

61.81 

38.19 

300 

38.58 

11.42 

21.35 

28.65 

59,93 

40.07 

500 

33.84 

16.16 

22.16 

27.84 

56.00 

44.00 

750 

31.00 

19.00 

23.00 

27.00 

54.00 

46.00 

1000 

29.5 

20.50 

23.50 

26.50 

53.00 

47.00 

The  data  of  Tafcl;?  Ill  indicate  that  more  of  the  power  about  a  line 
is  flowing  in  a  polarization  parallel  to  the  plane  containing  the  con¬ 
ductors,  but  that  the  distribution  becomes  more  even  for  fixed  conductor 
size  as  the  line  spacing  is  increased  (i.e.,  as  the  characteristic  im¬ 
pedance  is  increased) ,  Figure  13  shows  the  ratio  of  tho  power  in  the 
two  orthogonal  polarizations  to  the  tots!  power  as  a  function  of  charac¬ 
teristic  impedance, 

C.  Conclusion 

It  should  he  clear  from  the  foregoing  discussion  that  lines  of 
large  characteristic  impedance  cannot  be  used  to  resolvo  the  degree  of 
anisotrorr  of  an  anisotropic  dielectric  by  simply  rotating  the  configure 
Cion  90  degrees.  Indeed,  it  is  apparent  that  a  balanced,  two-wire  trsnts 
mission  line  constructed  of  cylindrical  conductors  is  not  s  satisfactory 
instrument  for  determining  the  macroscopic  anisotropic  properties  o£ 
dinlectrics, 
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D.  Recommendations 


The  forest  Is  an  anisotropic  medium  at  VHP  and  below.  A  rough  esti¬ 
mate  of  the  anisotropy  of  conductivity  can  be  obtained  from  measurements 
of  the  type  described  in  Ref.  15.  Further  study  is  required ,  however,  to 
develop  probes  useful  for  ground-based  measurement  of  the  macroscopic, 
anisotropic  properties  of  the  forest.  Such  probes  possibly  could  be 
composed  of  many  wires  or  rods  (e,g.,  multiple-wire  transmission  lines 

designed  for  this  purpose) .  Still  another  approach  is  to  invert  a 
a 

propagation  model  and  do  curve  fitting  on  path-loss  data  versus  separa¬ 
tion  between  transmitter  and  receiver  (at  relatively  short  ranges)  and 
versus  antenna  heights  (at  relatively  long  ranges)  and  determine  what 
electrical  constants  for  the  forest  slab  are  required  to  give  a  good  fit 
when  horizontal  and  vertical  olectric  dipoles  (or  equivalent)  are  employed 


The  propagation  nodal  (st)  employed  would  have  to  allow  for  anisotropy, 
and  additional  model  work  beyond  that  given  in  kefs-  3**$  would  be 
required  to  generate  the  appropriate  modeKs)  to  be  Invented,  An  initial 
attempt  at  such  model  work  was  made  by  Or,  John  Spence  (currently  at 
the  University  of  Rhode  Island)  while  he  was  with  the  Jansky  and  Hailey 
01  vision  of  Atlantic  Research  Corp  in  1067.  This  work  is  summarized 
in  an  appendix  to  ’'Environmental  Sf facts  on  Short  Range  ccmauuicoi ton; 
Report  of  Technical  Study  Stoop,1*  edited  by  Col.  f  ay  Doeppner,  Joint 
Advanced  Research  Projects  Agency  and  Mvironmeittal  Sciences  Service 
Administration  Hosting  held  in  Boulder,  Colorado  (March  1267), 


V  DISCRETE  SCATTERED  WEAK  A  TRANSMISSION  LIME 


A.  Introductory  Remarks 

In  this  report  we  have  been  considering  a  model  for  a  forest  region 

suitable  for  explaining  and  predicting  how  radio  waves  propagate  through 

the  forest  and  across  the  boundaries  at  the  ground  and  at  the  tree  tops. 

In  our  model  the  forest  is  considered  to  be  a  layor  of  lossy  dielectric— 

not  necesso^ily  homogeneous  or  isotropic— which  can  be  characterized  by 

a  complex  relative  dielectric  constant.  $  .  If  tho  medium  is  not  iso- 

r 

tropic  cr  will,  of  course,  be  a  tensor.  The  present  section  is  concerned 
with  trees  as  discrete  scatterers  in  an  attempt  to  justify  our  representa¬ 
tion  of  a  large  number  of  discrete  scatterers  by  a  continuous  medium.  In 
this  investigation  we  have  chosen  to  consider  the  effect  of  these  scat¬ 
terers  on  «  wave  guided  by  r  two-wire  transmission  line  rather  than  the 
effect  on  a  plane  wave.  We  have  done  this  for  two  reasons:  First,  be¬ 
cause  the  guided-wave  case  is  a  one-dimensional  problem  which  lends  it¬ 
self  to  analysis  by  distributed-circuit  methods  and  la  also  quite  easy  to 
study  experimentally .  Second,  becsuae  the  investigation  reported  here  is 
concerned  with  measuring  the  electrical  properties  of  the  medium,  and  tho 
two -wire  lino  shows  promise  as  s  measuring  instrument  for  this  purpose 
Since  we  have  considered  only  the  guided  wave,  the  question  arises  ss  to 
whether  or  not  the  guided  wave  io  similar  enough  to  tho  plane  wave  that 
tho  results  of  our  study  apply  to  the  plane-wave  case;  and  indeed,  whether 
or  not  the  equivalent  dielectric  constant  measured  by  transmission-line 
techniques  is  the  proper  value  to  uae  for  plane-wave  propagation.  To 
mm  extent  m  will  have  to  leave  thia  question  unanswered,  but  the  study 
does  give  some  insight  into  the  usefulness  and  validity  of  our  model. 

We  will  consider,  thee,  how  the  transmiaa ion-line  wave  is  affected 
by  scatterers  in  the  vicinity  of  the  lint.  Since  we  are  interested  in 
.the  macroscopic  properties  of  the  region  containing  the  scatterers,  we 
will  esaume  that  the  line  a pacing  u  wide  enough  that  a  reasonable  sample 
of  scatterers  is  in  the  region  near  the  line  where  the  field  is  strong 


and  that  there  1*  appreciable  probability  that  a  few  scatterers  (trees) 
are  included  is  the  region  between  the  conductors,  The  upper  frequency 
limit  on  the  mesauresent  cf  our  macroscopic  parameters  is  then  determined 
by  the  condition  that  the  line  spacing  must  be  very  snail  conpared  to  the 
wavelength.  Under  these  conditions  let  us  look  at  the  effect  of  a  single 
one  of  the  seafarers  and  find  its  equivalent  circuit  as  a  load  on  the 
transmission  line.  Then  let  us  look  at  pairs  of  scstterers  to  see  if  the 
equlvslent  circuit  is  still  valid  or  if  we  need  to  modify  it  to  account 
for  mutual  coupling  effects.  Finally,  wm  will  consider  random  distribu¬ 
tions  of  scatterers  loading  the  line  a^d  inlet  the  effective  macroscopic 
electrical  properties  of  the  volume  containing  the  scstterers  as  a  func¬ 
tion  of  the  average  number  of  scatter ora  peg*  wavelength  along  the  line. 

B.  Kesauremant  Equipment 

Two  different  lines  were  used  for  the  measurements  reported  in  this 
section.  One  was  a  balanced  two* wire  line  (Fig.  14)  with  5/8-in*<iismeter 
brass  tubing  for  conductors.  The  line  spacing  could  be  varied  in  fixed 
increments  to  give  characteristic  impedances  with  air  as  a  dielectric  33 
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given  in  Table  IV.  This  line  was  suspended  IS  to  22  inches  above  a 
wooden  table  top,  the  greatest  height  for  the  widest  line  separation. 

It  was  far  enough  above  the  tsblo  that  the  table  top  had  negligible 
effect  on  the  measurements  (see  Sec.  XII-B).  Since  one  side  of  the 
impedance  bridge  was  at  ground  potential,  it  was  necessary  to  use  a 
balanced-to-unbalaneed  transformer  (balun)  for  measurements  with  this 
line.  A  one-half  wavelength  aection  of  RG-8/U  coaxial  transaiasion  line 
(see  Fig.  14)  was  used  for  this  purpose.  The  impedance-transformation 
ratio  through  this  balun  transformer  wes  4  to  1. 

Table  IV 


SPACINGS  AMD  CHARACTERISTIC  IMPEDANCE  FOR  TWO-WIRE  LIME 


Center-to-Center  Spacing 
(in) 

Characteristic  Impedance.  R 
(ohms)  c 

2.90 

270 

3.75 

300 

9,20 

400 

12.00 

440 

The  other  measuring  line  wes  the  image-plane  line  corresponding  to 
one-half  of  the  two-wire  line  (this  line  wes  slso  used  for  the  foam 
mssaurements— see  **ig,  10).  Each  of  these  line*  was  one-eighth  of  • 
wavelength  long  at  the  measurement  frequency  of  17  M&u  The  measure- 
aunts  were  made  with  •  General  Radio  1600  impedance  bridge.  The  signal 
generator  wes  •  Hewlett-Packard  Model  6010  and  the  detector  receiver  was 
•  Hewlett -Packard  Model  417A, 

The  bridge  accuracy  wa*  barely  sufficient  to  measure  the  effect  of 
a  single  scatierer  or  a  pair  of  scatterera,  and  the  spread  of  the  data 
pointa  is  primarily  due  to  our  inability  to  make  precise  measurements. 

In  fact,  it  was  necessary  to  add  «.  special  slew-motion  gear  mechanism 
to  the  dials  of  the  bridge  to  obtain  enough  resolution  and  repeatability 
for  these  teutw,  in  spite  of  this  limitation  on  the  accuracy  of  a  single 
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moiaureaont,  enough  measurements  were  made  ao  that  the  auaceptance  la 
sufficiently  accurate  to  shoe  the  various  effects  we  are  considering. 
Unfortunately,  the  acatter  in  the  conductance  points  is  so  great  that 
ease  of  the  trends  are  masked. 

C,  Equivalent  Admittance  of  a  Single  Scatterer  near  an  Open-Wire 

Transmission  tine 

the  equivalent  shunt  admittances  of  selected  scatterors  placed  in 
various  configurations  about  a  tres.a.wission  line  were  measured,  the 
scatterers  consisted  of  wet  and  dry  wooden  bars,*  aluminum  cylinders, 
cut  vegetation  and  finally,  growing  trees.  All  cf  the  scatterers 
measured  which  were  not  tree*  or  freshly  cut  parts  of  trees  were 
cylinders  or  bars  which  to  some  extent  could  be  used  to  simulate  tree 
trunks  or  branchas. 

1.  Effect  of  Longitudinal  Position  of  Scatterer 

the  shunt  admittance  should  be  independent  of  the  longitudinal 
position  of  the  scstterer  on  the  line  except  when  the  scatterer  is  in 
the  fringing  field  near  the  open  end  of  the  line.  However,  the  sensi¬ 
tivity,  and  hence  the  accuracy,  of  the  measurement  is  much  better  when 
the  scatterer  is  near  a  high  voltage  point.  For  our  oao-eightb  wave¬ 
length  line  the  only  high  voltage  region  is  near  the  open  end.  To 
overcome  this  dilemma,  we  measured  the  admittances  of  several  types  of 
ocatterers  with  each  of  the  scatterer*  at  aevsrel  longitudinal  positions 
near  the  open  end  of  the  line,  From  these  value*  of  admittance  as  the 
scatterer  w««  progressively  moved  along  the  line,  it  wee  determined  how 
far  from  the  open  end  i  scatterer  need  be  so  that  the  admittance  would 
be  relatively  independent  of  the  longitudinal  position.  For  convenience  ■ 
in  staking  the  faeaNumtantf  and  for  me#iurs*a»te  involving  several  aest* 
uteri,  twenty  position*  with  equal  spacing  U-V6  ini  were  marked  off 
along  the  line,  with  position  one  corresponding  to  the  aendirg  and  and 
posit  ton  20  corresponding  to  the  termination  and. 

mf*o  tyres  of  dry  wooden  hart  were  used  for  these  teste t  air-dried  ear* 
and  oven-dr  iad  bars,  the  water  (moisture)  content  of  the  wet  wooden 
bare  ie  expressed  in  percent  <by  weight)  relative  to  the  oven-dried 
bate,  the  water  content  of  the  at* -dried  bare  wee  estimated  at  about 
$  percent  relative  to  the  even-dried  bare. 
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The  results  of  those  measurements  of  dr?  voodoo  bars,  wet 
wooden  bars,  and  elumimua  cylinders  are  shown  in  Table  V,  The  150 -oho 
imago-piano  line  was  used,  sod  the  axis  of  the  bar  was  at  right  angles 
to  the  image  plane  (Pig .  IS) .  The  values  of  admittances  shown  are  the 
averages  of  severs!  measurements  with  the  sane  configuration.  The  point 
at  13-1/8  inches  sppesrs  to  be  in  error  and  a  little  bit  high  for  both 
the  No.  2  set  of  dry  wood  bars  and  the  set  of  metal  rods.  The  difference 
between  Sets  1  and  2  in  all  cases  can  be  attributed  to  slight  changes  in 
the  measuring  setup  between  the  two  sets  of  measurements.  Nevertheless, 
the  measurements  indicate  that  consistent  results  are  obtained  if  the 
scatterer  is  at  least  one  line  spacing  from  the  open  end.  For  the  rent 
o'i  the  measurements  involving  one  or  two  sea  Hirers,  the  scatterers  were 
kept  at  least  one  line  spring  from  the  end. 

2.  Effect  of  Distance  of  Scatterer  from  bine 

The  150-ohm  image-plane  line  was  used  for  these  tests.  The 
24-1/2-in  dry  and  wet  wooden  bar*  (1-1/2  in  equaroi  and  i/4-in*<iiaf*eter 
aluminum  rads  were  placed  4-3/8  in  (position  19— see  Fig.  15)  from  the 
open  end  of  the  line,  and  the  equivalent  shunt  admittance  of  the  scat¬ 
terer  was  measured  #s  the  distance  from  the  center  line  of  the  scatterer 
to  the  ctiuter  line  of  the  conductor  was  varied.  Two  orientations  of 
scatterer  were  used:  scatterers  perpendicular  to  the  image  plane  (as 
indicated  in  Fig,  15)  and  scatterers  parallel  to  the  image  plane  (see 
Fig ,  16) ,  The  results  of  these  messuraments  are  summarised  in  Tables 
VI  and  VII  for  the  two  cases  wfesow  the  scatterers  were  perpendicular 
to  the  image  plane  and  parallel  to  the  image  plane  respectively, 

3,  fit. feet,  et  Jagifji .  of  Scatterer 

The  tests  on  the  effect  of  scatterer  position  around  the  line 
(described  above  in  bees,  V-CE-1  and  v«e-3)  were  all  wade  with  scatterers 
24-1/3  m  long,  ii  is  the  purpose  ei  this  section  to  investigate  the 
effect  ef  the  length  of  scatterer  for  shorter  scatterers,  and  to  deter¬ 
mine  if  the  equivalent  shunt  admittance  wss  relatively  insensitive  to 
scatterer  length  for  the  length  used  in  the  previous  sections.  For 
these  teats,  the  3do«eha  two-wire  line  wee  used,  and  the  scatterers  were 
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placed  4-3/8  * ^  from  the  open  end  of  the  line  and  1-3/4  in  away  from 
and  orthogonal  to  one  conductor  of  the  line,  Again  1-1/2-in-square  dry 
and  wet  wooden  bare  and  aluminum  rods  were  used.  Seven  different  scat- 
terer  lengths,  from  4-3/8  in  to  24-1/2  in,  were  measured #.  and  the  results 
are  summarized  in  Table  VIII,  Figure  17,  shows  the  equivalent  shunt 


Table  VIII  • 

EQUIVALENT  SHUNT  ADMITTANCE  OF  SCATTERER  NEAR  A  3GO-OHM  TWO-WIRE 
TRANSMISSION  LINE  VERSUS  LENGTH  OF  SCATTERER 


. 

Type  of 
Scattered 

Length  of 
Scatterer 
(li>) 

Equivalent 

Shunt 

Admittance  on 
Two-Wire  Line 
( iomhos) 

Equivalent  Shunt 
Capacitance 
of  Scatterer 
(PF) 

Loss 
Tangent 
at  17  MHz 

Dry  Wooden  Bars 

4-3/8 

0.35  +  j4 .67 

0.043 

0,07 

with  Square 

5-1/2 

0.36  +  J5.I4 

0.048 

0.06 

Cross  Section 

8-7/8 

0.75  +  J5 ,15 

0.048 

0.14 

(9  percent  WC) 

1 1-1/4 

0.75  +  J5.60 

0 .052 

0.13 

1-1/2*’  X  1-1/S" 

13-1/4 

1.28  +  J5.82 

0 ,0E4 

0.21 

22-1/2 

1.28  +  J6.00 

0.056 

0.21 

24-1/2 

'..28  +  J6.60 

0.060 

0.21 

Wet  Wooden  Bars 

4-3/8 

0.20  +  J4.98 

0.046 

0.04 

with  Square 

5-1/2 

0.20  +  J5.76 

0.053 

0.03 

Cross  Section 

8-7/8 

0.20  +  j6.52 

0.061 

" .03 

(24  percent  WC) 

11-1/4 

0.19  ♦  J8.06 

0.075 

0.02 

1-1/2"  x  1-1/2" 

13-1/4 

0.19  +  J10.37 

0 .097 

0.01 

22-1/2 

0.19  +  .110,37 

O.C97 

0.01 

24-1/;’ 

P.19  +  J10.45 

0.097 

0.0J, 

Aluminum  Rods 

4-3/8 

rC.Ib  +  o4.20 

0,039 

0.02 

1/4"  diameter 

5-1/2 

0.J0  +  j8 . 87 

0.062 

0.01 

3-7/8 

0,10  +  J8.61 

0,080 

0,01 

11-1/4 

0.10  +  J8.64 

0,081 

0.0) 

13-1/4 

0.10  +  18.97 

0,084 

0,01 

22-1/2 

".19  +  J10.06 

0 .094 

0.009 

wtMW^ww|WNU|M  _  m .  v 

24-1/2 

0.10  +  no  .OP 

0.094 

0.009 

capacitance  of  the  seattorers  os  a  function  of  acet*eror  length.  Evi¬ 
dently  the  leagth  of  the  ecattorors  used  for  the  tests  of  the  effect  of 
longitudinal  position  was  txloqu#*©. 
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FIG.  17  MEASURED  EQUIVALENT  SHUNT  CAPACITANCE  AS  A  FUNCTION  OF 
SCATTERER  LENGTH 

4,  fcffect  ci  Electrical  Properties  of  the  Scattorer 

Three  types  of  scatter ers  have  been  used  thus  far;  dry  wood 
bars,  wet  wood  bars,  and  aluminum  rods.  Some  indication  of  the  effect 
of  conductivity  can  be  obtained  by  examining  the  results  already  ob¬ 
tained,  but  it  should  be  pointed  out  that  the  aluminum  rod.:  of  a 

different  ahape  and  size  than  the  wooden  bars.  Consequently  wo  will 
uao  wooden  bars  of  the  same  size  and  shape  (but  with  varying  water  con¬ 
tent)  to  study  further  the  effect  of  the  intrinsic  complex  dielectric 
constant,  of  the  scatterer  upon  the  equivalent  shun*  admittance  of  the 
scatters  observed  with  our  l$C-ehm  image-plane  line  av  1?  Hite. 

lor  these  tests,  l~l/2-in-*quaro  bars  24«i/2  in  long  were 
placed  4-3/8  in  from  the  open  end  of  the  line.  The  here  w«„e  perpo.- 
dicuitu-  to  t.e  line  et  position  19,  and  date  were  obtained  with  th<$  b  . 
et  two  different  distances  from  the  line.  leatediately  after  the  bridge 
measurement  the  water  content  was  detent ined  in  percent  relative  to  the 


dry  weights  obtained  by  oven  drying  at  60°C  until  the  change  of  weight 
with  time  was  negligible.  The  results  of  these  tests  are  summarized  in 
Table  IX.  An  increase  in  equivalent  shunt  capacitance  with  increasing 
water  content  is  observed.  The  equivalent  shunt  capacitance  is  plotted 


Table  IX 

EQUIVALENT  ADMITTANCE  OF  WOODEN  BARS  NEAR  A  150-OHM  IMAGE “PLANE 
TRANSMISSION  LINE  VERSUS  MOISTURE  CONTENT  OF  BARS 


Measured 

Equivalent 

Water 

Distance  & 

Equivalent 

Admittance 

Shunt 

Content 

of  Scatterer 

Admittance 

Equivalent 

Capacitance 

of  Bars, 

to  ft  of 

of  Scatterer 

of  Scatterer 

on  300 -ohm 

wc 

Conductor 

on  150-ohm  Line 

on  300-ohm  Line 

Line 

(percent) 

(in) 

( Mmhos) 

( prahos) 

(pF) 

n  n 

1-3/4 

0,89  +  48.30 

0.45  +  44.18 

0.039 

V  *  V 

e 

0.04  +  40.78 

0.47  *  JO .39 

0.003 

8.5 

1-3/4 

2,54  ♦  412.94 

1.27  +  .16.47 

0,060 

6 

0,48  +  41.54 

0.24  +  JO. 77 

0.007 

12.7 

1-3/4 

0,62  +  415.76 

0.31  +  J7.88 

0,073 

6 

0.66  +  41,08 

0.33  +  JO, 54 

0.005 

25.0 

mmmamm 

1.90  +  424.92 

0.95  +  J12.46 

0.116 

mwmm 

0.66  +  JO .236 

0.33  +  JC  .138 

0.012 

44.2 

1-3/4 

6 

1.92  ♦  J29.84 
0.44  +  J3.70 

0.96  +  J14.92 
0,22  +  J1.85 

0.139 

0.017 

as  o  function  of  water  content  in  Fig,  IS  for  both  scatterer  spacing® 
from  the  line  conductor.  The  variation  of  effective  shunt  capacitance 
with  water  content  is  very  linear  for  the  6-in  spacing  (with  the  excep¬ 
tion  of  the  value  at  12,7  pai-cent  water  content,  which  seems  low),  and 
a  similar  variation  is  apparent  for  the  1-3/4 -in  spacing.  Also,  values 
from  the  other  tests  involving  wet  bars  have  been  plotted  for  the  1-3/4- 
in  spacing.  Dashed  Hues  have  been  draws  in  to  illustrate  these  trends. 
These  results  are  in  agreement  with  these  obtained  with  freshly  cot 
willows  in  an  earlier  study  (see  Appendix  of  Ref,  8),  where  the  varia¬ 
tion  el  effective  relative  dielectric  constant  exhibited  a  linear  varia¬ 
tion  with  the  weight  (and,  by  inference,  water  content)  of  the  willows 
as  they  dried  out. 


42 


as 


dtettnA 


EQUIVALENT  SHUNT  CAPACITAKCE 


0.150 


0.125 


O.IQOh 


0.075 


0.050 


0.025h 


•  NORMALIZED  TO  OVEN-DRIED  BARS 
L  O  NORMALIZED  TO  AIR-ORIEO  BARS  1+9%) 


PS 


S  ™ 


* 


* - 


-»--v 

—i — 


± 


_ 1 - 1 _ L 


6»n JPAWMO^  __  _ 

_ I _ I _ 


10  20 
WATER  CONTENT  - 


SO 

percent  (by  weight) 


40 

0-4240-l«tt» 


PIG.  18  EQUIVALENT  SHUNT  CAPACITANCE  OF  WOODEN  BARS  AS  A  FUNCTION 
OF  WATER  CONTENT 


5.  Equivalent  Shunt  Admittance  of  a  Single  Cut  Pino  Hough 

The  44G~oJun  twa*wiro  line  was  used  In  the  laboratory  to  measure 
the  equivalent  shunt  admittance  of  s  sickle,  freshly  cut  pine  bough.  The 
pine  bough  was  fastened  In  an  upright  position  to  the  wooden  table  used 
for  the  tests  discussed  in  Bee,  SaI-G,  and  data  were  obtained  for  three 
different  configurations,  line  in  plane  parallel  to  table  top  with 
bough  ate*  in  from  nearest  conductor,  ana  line  in  plane  perpendicular 
to  table  top  (i,@.,  in  plane  parallel  to  bough  4. tea)  with  bough  ate*  12 
in. frog  nearest  conductor.  The  bough  stem  was  always  id  10  free  tut  end 
of  the  line  (between  positions  if  and  is) .  These  cent iwursc tens  are 
illustrated  in  the  sketches  m  Fig,  It,  The  data  obtained  duiing  these 
oeasoreaenta  are  sumaariied  in  Table  8* 
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Table  X 


EQUIVALENT  SHUNT  ADMITTANCE  OE  SINGLE  PINE  BOUGH 


Measurement 

Configuration 

Height 
of  Bough 
(in) 

Equivalent 

Shunt 

Admittance 

(pmhos) 

Equivalent 

Shunt 

Capacitance,  C 
(pF) 

Loss 

Tangent 

27 

0,23  +  J6.32 

■EBB 

0.036 

A 

38 

0,92  +  j9 ,47 

0.097 

o 

27 

0.24  +  J5.21 

0.048 

0.046 

38 

0.31  +  J8.59 

0,070 

c 

27 

0.66  +  j7,9b 

0.074 

0.082 

6.  Equivalent  Shunt  Admittance  of  Living  Oak  Trees 

Following  the  laboratory  tests  described  in  the  preceding  sec¬ 
tion,  the  440 -ohm  two-conductor  line  was  taken  to  the  field  to  obtain 
data  on  a  living  tree.  Two  small  oak  trees  (see  Fig,  20)  about  15  and 
I  25  ft  high  (breost-haight  diameters  about  4  in  and  5-1/2  in  respectively) 

|  which  were  conveniently  located  near  the  laboratory  were  selected  for 

j!  these  tests,  and  the  line  was  set  up  in  a  manner  similar  to  that  de¬ 

ls 

I  scribed  for  the  tests  on  the  cut  pine  boughs  (see  Fig,  21  for  setup  at 

|  the  small-tree  site) ,  The  results  of  'hose  tests  are  summarized  in 

l  Table  XI, 

| 

1  7 ,  Summary  of  Results  Measurements  of  Equivalent 

|  SHunt  Admittance  of  Single  Seatterers 

We  havs  observed  that  the  equivalent  circuit  of  i  single  seat- 
terer  which  is  short  relative  to  the  wavelength  of  the  test  signal  is 
always*  a  lossy  capacitor— never  an  inductor,  the  value  of  the  equivalent 
capacitance  depends  upon  the  length  of  tbs  scatterer,  its  electrical 
properties  (an  indicated  by  water  content  in  the  case  of  wooden  seat- 
terere),  its  position  radially  from  the  line,  and  its  orientation 
(whether  the  line  is  parallel  to  or  perpendicular  to  the  plane  containing 
the  scatterer),  Provided  the  scatterer  is  net  located  in  the  fringing 
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1.04  ♦  513.30  0.125  0.077 


% 

fields  near  the  open  end  of  the  line,  however,  the  equivalent  ahunt  ad¬ 
mittance  is  relatively  independent  of  its  position  longitudinally  along 
the  line.  This  concludes  our  study  of  the  effects  of  single  scttterers. 
Let  us  now  turn  our  attention  to  the  effects  of  more  than  one  ncatterer. 

D.  Mutual  Impedance  and  Coupling  Effects 

In  the  one-dimensional  model  which  we  are  using  to  find  the  equiva¬ 
lent  dielectric  constant  of  a  distribution  of  scatterers  we  expect  to 
neglect  the  mutual  coupling  between  the  scatterers  and  consider  only 
the  coupling  of  the  Individual  scatterers  to  the  transmission  line. 

This  coupling  to  the  transmission  line  can  be  taken  into  account  in  the 
model  by  an  equivalent  shunt  admittance  for  each  scattorer.  In  the 
preceding  section  we  hove  been  considering  this  equivalent  admittance 
and  finding  how  it  changes  with  various  parameters  which  affect  it.  We 
now  need  to  determine  whether  we  are  justified  in  neglecting  mutual 
coupling  effects  when  more  than  one  scatterer  is  present  or  if  we  need 
to  modify  the  equivalent  circuits  of  the  scatterers  to  account  for 
mutual  coupling. 

Measurements  wore  mado  with  pairs  of  dry  wooden  bars,  pairs  of  wot 
wooden  bars,  and  pairs  of  aluminum  rods  to  investigate  mutual  coupling 
effects.  TWo  sets  of  measurements  were  mado,  one  with  the  two  scatterers 
in  a  plane  perpend iculor  to  both  the  conductors  and  the  imoge  plane,  and 
the  other  with  tho  two  scatterers  in  a  plane  perpend lcuiar  to  the  image 
plane  but  parallel  to  the  conductors.  In  both  cases,  the  scatterers 
were  perpendicular  to  the  imago  plane  (see  Fig,  IS),  The  results  of 
those  measurements  are  shown  in  Tables  XI 1  and  XI 11,  respectively,  only 
tho  susceptanee  is  given  since  the  accuracy  with  which  it  can  be  deter¬ 
mined  with  our  iwvurvacnt  equipment  is  much  better  tha*  that  with  which 
the  conductance  can  be  measured.  Moreover,  the  conductance  was  much 
smaller  than  the  suseeptaace  and  may  be  census****.  *  negligible  for  the 
purpose  ot  these  tests  oa  mutual  coupling. 

The  result*  of  the  with  both  scatterers  in  a  plane  pei  pe¬ 

dicular  to  the  transmission  line  are  given  in  Table  Xil.  Column  5, 
headed  "Equivalent  Shunt  Susceptanco, "  shoes  tho  measured  values  for 
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C5BCTMSC  TESTS  WITH!  SCATTEBERS  IN  PLANE  PERPENDICULAR  TO  ISO-OHM  IMAGE-PLANE  LINE 
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a*ch  scstterer  slop*,  sad  for  the  pair.  The  difference  between  the  re¬ 
sult  for  the  pair  and  the  sue  of  the  individual  susceptaaewa  i«  shown  in 
Column  6,  The  differences  are  so  small  that  they  lie  is  the  experimental 
error  range,  except  possibly  the  result  for  the  aluminum  rod  which  shows 
a  Mali  but  measurable  difference. 

The  result*  of  the  tests  with  the  scsttwrers  perpendicular  to  the 
line  but  in  s  plane  parallel  to  the  line  (see  Table  XIII)  are  somewhat 
more  difficult  to  interpret.  Here  we  cannot  simply  take  the  difference 
of  the  gestured  results  for  one  sod  two  scstterers  to  determine  mutual 
coupling  effects  because  the  equivalent  susceptance  of  the  section  of 
the  line  between  the  scatter©?*  (essentially  due  to  the  capacitance  per 
unit  length  for  our  relatively  low-loss  line)  must  bo  taken  into  account. 

The  measured  equivalent  suscoptances  for  the  individual  scat ter© rs 
(given  in  Column  5)  are  the  values  appropriate  for  use  as  lumped -const ant 
equivalents  at  the  position  of  the  scatter**?  down  the  line.  The  measured 
equivalent  susc*ptaaces  for  th»  pairs  of  scatter©?*  represent  the  lumped- 
circuit  equivalent  of  the  lino  plus  scatterers  as  seen  at  the  scatterer 
closer  to  the  sending  end  of  the  line  looking  toward  the  load  end  of  the 
line  (which  was  on  open  circuit  for  these  tests).  The  value  of  equiva¬ 
lent  suftccptsnce  seen  at  this  point  we*  computed  for  the  case  of  two 
seatuuors  from  the  measured  values  for  the  individual  scatters rs  under 
the  assumptions  of  no  mutual  coupling  end  a  perfectly  conducting  line. 
Therefore,  tee  difference  between  this  computed  value  and  the  observed 
value  with  both  scatters?*  present  is  a  measure  of  the  mutual  effect. 
Unfortunately,  the  is.s®  tusceptaace  is  much  greater  than  the  susceptanre 
of  any  individual  scatter*?  and  we  must  rely  u pm  the  difference  of  two 
large  numbers  for  our  estimate  of  the  mutual  effect, 

for  the  aluminum  rods  this 'difference  is  about  id  percent  of  the 
value  of  the  suscegtanees  of  the  individual  s'otterors  and  it  may  be 
r«aciuded  that  mutual  coupling  is  negligible  so  this  case,  indeed,  the 
observed  differences  are  near  the  limit  of  the  accuracy  of  our  measure¬ 
ment*  ,  for  the  wooden  oor>;  the  mutual  effect  is  significant  when  the 
bar*  are  in  adjacent  positions  ms  e*  peeled,  hot  the  effect  appear* 


s**ligibU*  wttee  :h«  bars  are  sttpsrstcd  by  ouly  oca  position.  Perhaps 
the  lacrosse  fa  the  suigaitude  of  the  appsreet  nutusl  coupling  of  the 
wood  bers  over  that  of  the  •lumisua  rods  shea  the  scetterers  ere  is 
sdjeceat  posit teas  icy  bo  espieiaed  ie  pert  by  the  letter  site  of  the 
bars  which!  for  •  fixed  specie#  (see  Fig,  IS),  pieces  the  bars  physically 
closer  together,  the  separation  of  the  wooden  bare  ia  adjaceat  posit ioas 
U*V5140  at  17  HM)  is  tmiy  about  twice  the  width  of  a  stogie  her!  whereas 
the  separation  of  the  sttussiau®  rods  in  adjacent  positions  is  about 
sixteen  times  the  diameter  of  a  single  rod. 


The  results  of  tnose  ss«as“.rc«*Rts  ’'*th  pairs  of  scatter*  rs  appear 
to  justify  the  assumption  that  the  *•-.  coupling  is  uegligibio  in 
most  practical  cases  ti,e,#  escep  •?  scatterers  are  very  close 

togetaerl ,  asd  that  the  principal.  .  >  : .  .  j  the  coupling  of  the  in¬ 
dividual  scatterers  to  the  trans«>.6». . j  line. 

E.  Many  Scat terersjtand-tsaly_8|_gtHbuted  shout  s  Trapselssion  Lire 


l.  Methods  of  Approach 

Our  objective  was  to  determine  the  feasibility  of  represent  teg 
a  forest  as  a  dielectric  ie4i.ua  and  of  measuring  the  dielectric  properties 
of  this  medium  by  mass  of  traesaissioa-l iso  probes,  te  have  already 
discussed  the  effect  of  individual  rest  tutors  and  have  concluded  that 
'  each  scat  terer  ef  ssy  ©f  the  shapes  and  sises  i short  compered  te  the 
wavelength  of  the  test  signal}  investigated  could  be  represented  by  a 
shunt  capacitance  with  an  associated  shunt  conductance  placed  across 
the  transmission  line  at  the  posit  sun  of  the  scattered,  we  new  need  to 
consider  the  case  of  many  scatters ra  randomly  distributed  about  the 
transmission  line!  as  trees  m  a  forest  would  be,  and  see  whether  we 
represent  a  region  with  many  discrete  scatterer*  as  if  it  were  filled 
with  a  coni  mooes  medium  characterise  ■  by  a  dielectric  constant  with 
associated  I©* ■>  factors,  in  other  words,  we  are  going  to  mefee  a  model 
of  the  forest  using  uoodoe  bars  or  metal  cylinders  as  tree#  and  determine 
the  effective  dielectric  constant  of  the  model  by  means  of  a  trsosn&seieg 
line  prwbe. 
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In  carrying  out  this  part  of  the  investigation  we  approached 
the  problem  in  each  of  two  ways.  First,  we  placed  scatterers  randomly 
about  the  transmission  line,  rolling  dice  to  see  whether  or  not  a  "tree" 
should  be  at  each  position  of  a  two-dimensional  grid.  We  then  measured 
the  inpu';  impedance  of  the  line  with  the  termination  open  circuited  and 
again  with  the  termination  short  circuited,  and  (using  the  equations  of 
Sec.  11)  calculated  the  effective  dielectric  constant,  permeability  and 
loss  tangent.  This  process  was  repeated  five  times  (see  Fig.  22  for  the 
actual  scatterer  positions  used)  and  the  results  were  averaged.  These 
average  values  are  termed  measured  values.  Our  second  approach  to  the 
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multiple-scatterer  problem  was  based  on  previous  measurements,  but  it 
involved  computation  only.  In  the  latter  case,  we  constructed  a  dis¬ 
tribution  of  sizes  of  lossy  capacitors  from  the  measured  results  for 
single  scatterers  and  used  a  random-number  generator  to  decide  what 
size  capacitor  to  place  at  each  of  the  uniformly  spaced  intervals  along 
a  hypothetical  transmission  line.  We  then  calculated  the  input  impedance 
of  the  hypothetical  line  when  open  and  short  circuited  and  again  used 
the  equations  of  Sec.  II  to  convert  to  the  electrical  parameters  of  the 
medium  around  the  line.  The  process  was  repeated  ten  times,  and  average 
values,  which  we  call  calculated  values,  were  obtained.  The  remainder 
of  this  section  wixx  deal  with  a  comparison  of  such  measured  end  celcu- 
lited  values  for  various  example  cases. 

2,  17-MHz  Tests  with  Image-Plane  Line 

Tests  were  made  with  the  X/8  image-plane  lino  on  the  dry  wood 
(9  percent  WC)  and  wet  wood  bars  («£5  percent  VC)  and  aluminum  rods 
used  in  the  earlier  v^sts,  For  theso  tests  the  scatterers  were  set  up 
perpendicular  to  tho  imago  plane.  The  details  of  the  line  spacing  and 
the  scat! eror  specings  are  pictured  as  iosots  on  the  figures  showing  the 
calculated  and  measured  values. 

a.  Dry  Wood  Bars 

For  the  first  tests  on  the  dry  wood  bars,  tha  center  of 
the  transmission-lino  conductor  was  positioned  4,6  in  above  the  aluminum 
plate  which  turns  tho  image  plane.  The  measured  values  are  summarised 
in  Table  XIV  and  the  calculated  values  are  given  in  Table  XV,  Thu 
average  values  of  tho  real  parts  of  the  relative  complex  dielectric 
constant  and  complex  permeability  are  plotted  as  a  function  of  the 
number  of  scatterers  scatterers  per  wavelength)  in  Fig,  33, 

The  conductor  then  was  lowered  so  that  its  center  was 
1,402  in  above  the  aluminum  plate  and  measurements  were  repeated,  'rabies 
XVI  anti  XVII  summarise  these  results;  the  average  values  of  the  real 
parts  of  the  complex  relative  dielectric  constant  and  permeability  are 
plotted  in  Fig.  34  as  a  function  of  the  number  of  seat torero, 
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Table  XXV 


ELECTRICAL  CONSTANTS  WITH  DRV  WOOD  BARS  MEASURED 
WITH  200-OHH  IMAGE-PLANE  LINE 


Bando« 

Distribution 

Number 

Number  of 
Scatter® rs 

n 

Relative 

Dielectric 

Constant 

e' 

r 

Relative 

ur  '  “r  ' 

Loss  Tangent 

6 

1 

25 

1 .080 

0.994  -  J0.002 

0.0082 

2 

24 

1.090 

0.990  -  J0.000 

0,0079 

3 

25 

1.057 

0.994  -  jO .002 

0.0055 

4 

25 

1.076  ' 

0,997  -  JO .003 

0.0062 

5 

. . . . .  - . . 

21 

1.063 

0,994  -  JO .000 

0.0052 

Average 

24 

1.080 

0.994  -  JO .001 

0.0068 

Tabid  vjf 

ELECTRICAL  CONSTANTS  WITH  DRV  *000  BARS  CALCULATED 
FOR  2 OU -OHM  IMAGE-PLANE  MMF 


j  Number  of 
i  Scatters**# 

« 

Relative  Oiotuctric 

Constant 

.< 

t 

Relative  Perwaability 

*V  *  nj  - 

Loss  T*$gs»t 

ft 

10 

1,040 

1,001  -  JO  .000 

0,0023 

20 

1,060 

1,031  -  JO, 000 

0,00431 

25 

30 

1,0*4 

i.tu 

1.006  -  jO.OOO 

1,603  -  JO .600 

0,6055 

0.606? 

•0 


m  too 

HMUt I  OP  SCM?C«t«S  t*f*  W*VtU*QTHl 


$*0 

5- «*«♦*••»*■ 


#«i.  23  twifiirwi  5t(cT«ic*t  m^tnnn  e#  esMTASMiwo  pay  moo 
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Tefal#  XVI 


ELECTRICAL  CONSTANTS  WITS  DRV  WOOD  BARS  MEASURED 
WITH  135*0101  IMAGE-PLANE  LINE 


Rond  o«i 

Distribution 

Number 

Number  of 
Scatte.^ers 
*». 

Relative 

Dielectric 

Constant 

e# 

r 

Relative 

Permeability 

Pr  =  Pp  *  Jp" 

Los#  Tangent 

G 

J 

25 

1.039 

1.016  -  JO. GO 2 

0.0011 

2 

24 

1.059 

1.016  -  JO. 001 

0.0025 

3 

25 

1,038 

1.020  -  JO  .002 

0.0014 

4 

25 

1.030 

1.026  -  JO  .003 

0.0015 

5 

21 

1.034 

1.016  -  J0.001 

0.0025 

Average 

24 

1.041 

1.019  -  JO  .002 

0.0018 

I 

i 


Tibi#  XVil 

ELECTRICAL  CONSTANTS  WITH  OitV  WOD  BARS  CALCULATED 
FOR  1350*04  I  MAGE -PLANE  LINE 


Number  of 
Seat  tenure 
n 

Relative  Dielectric 
Coeetant 

«; 

Relative  ,’ermeebiUty 

U  £  Li  — ■ 

r  *>  4  v 

Lea#  f»agent 

1 

10 

1.021 

1,000  -  JO  ,000 

0,0048 

nQ 

1.043 

1,002  -  jo  ,000 

0,010 

25 

1,058 

1,001  -  JO  ,000 

0.013 

...  “ . 

1*0C« 

i.ooa  -  jo  .coo 

0.015  I 

—  ■  — * - T~~l 
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b.  Wst  Wood  Bari 


Wet  ban  (moisture  content  20  percent  by  weight)  were 
used  as  scettererc  with  the  center  of  the  trensnieeion-liue  conductor 
at  1,375  in  above  the  aluminum  plate.  Data  were  obtained  with  both  bO 
and  160  sr«tterera  per  wavelength;  the  results  are  suaurariged  in  Table 
XVI II  (measured  values)  and  in  Table  XIX  (calculated  values).  These 
dsts  ere  plotted  in  Fig.  25. 


Table  XVI II 

ELECTRICAL  CONSTANTS  WITH  WET  WOOD  BARB  MEASURED 
WITH  150 -OHM  IMAGE-PLANE  LINE 


Random 

Distribution 

Number 

Number  of 
Scatters rs 

tt 

Relative 

Dielectric 

Constant 

t* 

r 

Relative 

Permeability 

Ur  »  m'  -  ju'# 

Loss  Tangent 

5 

1 

10 

1.064 

0,992  -  J0.002 

0.009 

1 

20 

1411 

0.992  »  30.002 

0  012 

2 

10 

1 .07? 

0.997  -  p.002 

0.012 

2 

20 

1.099 

0,997  -  30.002 

0.010 

3 

10 

1.062 

0,969  *  30,001 

0.011 

3 

20 

1411 

0.969  *  30.001 

0.009 

4 

10 

1.047 

0,966  *  30.000 

0,010 

4 

20 

1419 

0,966  *  30,000 

0,011 

5 

10 

1.079 

0,990  *  jO  GOO 

0,016 

S 

20 

1  437 

0.990  .  30.000 

O.013 

Average 

19 

t  .066 

0,990  -  30,000 

0,010 

30 

1415 

0.990  -  30.SO0 

0,Oli 

_ _ 

e.  Mvisl  p.ty?.* 

f&t  tfw  first  Of  these  t«*U,  the  c voter  sf  t$W  conductor 
was  plsceC  1 JT5  to  above  the  elveiaua  plate,  the  )/t-ia-OI«wt«r 
aluatous  reds  were  pcsittooed  perpeed  toiler  to  the  alumious  piste,  the 
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Table  XIX 


ELECTRICAL  CONSTANTS  WITH  WET  WOOD  BARS  CALCULATED 


'.vf  PCRMEJMBlU'tt’. 


results  are  summarized  in  Table  XX  (maasured  values)  sad  in  Table  XXI 
(calculated  values) .  Figure  26  shows  these  results  along  with  a  sketch 
of  the  osasureaent  setup. 


Table  XX 

ELECTRICAL  CONSTANTS  WITH  METAL  RODS  PERPENDICULAR  1V>  ZERO -POTENTIAL 
PLANE  MEASURED  WITH  ISO-OHM  IMAGE-PLANE  LANE 


Random 

Distribution 

Number 

Nuaber  of 
Seatterers 

0 

Relative 
Dielectric 
Coca taut 

•; 

1 

Relat i  e 
Permeability 

"  p£  -  JP^ 

Lose  Tangent 
ft 

1 

25 

1.19? 

1401  -  JO  .0034 

0.00256 

2 

24 

1465 

1400  •  JO  .00'4? 

0.00283 

3 

25 

1 4?1 

1404  -  JOX022 

0,00243 

4 

25 

1448 

140?  -  JO  ,0024 

o.oom 

5 

21 

1460 

1  400  *  JO  ,0020 

0,0026? 

Averege 

24 

1468 

1405  -  jf,.O02B 

0,00285 

Table  Ut 

fiVCCXftPu«  CONSTANTS  WITS  METAL  MOOS  nRPSSKCVLAR  TO  ZERO -POTENTIAL 
PLANE  CALeUUT®  TOR  ISO*4jMM  IMAGE®KAN£  LINE 


Smarter  ## 
Setttersr* 

n 

Relative  Die  Tee trie 
Cueatsbt 

«; 

■ 

Relative  pewteebitity 

*  K.  *  K* 

Was  Tangent 

_ . - 

10 

1.04« 

1,001  -  JO  ,001 

0.00254 

£0 

1 ,095 

1 ,003  -  JO  ,004 

0.005T4 

35 

1411 

1,001  *  jO.OOO 

0,00031 

m 

I.I#5 

1,003  «  JO  .000 

•  _ _ 

0 ,03135 

- - - 
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These  teste  were  repeated  with  the  aluainun  rods  parallel 
to  the  aluainua  piste  hut  still  perpeisdlculsr  to  the  tranaaiasion»line 
conductor  (which  retained  at  1.875  in  above  the  alualnun  plate).  Tables 
XXII  aud  XXIXI  suaturize  the  Measured  and  calculated  results  respectively, 
and  Fig.  27  shows  the  average  values  of  the  real  part  of  the  coaplex 
relative  dielectric  constant  and  permeability  as  a  function  of  the 
number  of  acatterera  per  wavelength. 


Table  XXII 

ELECTRICAL  CONSTANTS  WITH  METAL  RODS  PARALLEL  VO  IMAGE  PLANE 
MEASURED  WITH  150-OHM  IMAGE-PLANE  LINE 


Randott 
Dlstribut ion 
Nusber 

Nuaber  of 
Scatters rs 
n 

Relative 
Dielectric 
Son* t ant 

< 

Relative 

Pemeability 

*v  -  *v  *  K' 

Loe*  Tangent 

5 

1 

25 

1.084 

0.978  -  10.001 

0.0025 

2 

24 

1.057 

0.974  -  40,001 

0.0025 

3 

25 

i  .071 

0,993  -  40.001 

0.0025 

4 

25 

1.087 

0.994  -  40.002 

0,0021 

5 

21 

i  .07* 

1 ,008  -  40.002 

0.0023 

Average 

34 

'  .094 

o.§90  -  jo.om 

0.0024 

- - -  ,  rrl 

m in 


ELECTRICAL  W»tM  METAL  ROCS  PARALLEL  TO  IMAGE  PLANS 

C ALSU  a  .'U  PDA  130-OMt  IRIOEHHAMS  LINS 


Nmiber  «? 
Rcatterers 

*5 

Relative  JUKslrlf 
Coda tint 

K 

Relative  ivnesimu 

y*  *  r .  —  4 

....  r  ..... 

| 

Leas  fasgebt  [ 

19 

r . 

If* 

£» 

■t 

1.0035  *  40.000 

0  QSuiO 

we  9  w^w^we 

1,03*  ' 

1.001  *  40.000 

0.00199 

£5 

1.050 

0.005  -  JO .000 

0.00253 

30 

1 .053 

t  .005  ■«  J§.9£3 

9 .992*3 

** 


i 

i 

A 

* 

| 

v  i 

i 

t 
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•0 
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17-MHt  Tests  with  300-Qhw  Two-Conduetor  Line 


Teats  also  were  «ssde  with  the  X/8  two-conductor  line  os  the 
dry  wood,  wet  wood,  end  aluainues  rod  scatterere,  For  these  tests  the 
acitterera  were  positioned  perpendicular  to  the  line  »•  shown  os  the 
inserts  on  tha  figures  showing  the  calculated  and  measured  results. 

a.  pry  Wood  Bars 

Tbs  Measured  end  calculated  values  «ro  suastrired  in 
Tables  XXIV  aad  XXV.  The  average  values  of  the  real  parts  oftfee  com* 
plan  relative  dielectric  constant  and  pe (-usability  are  shown  in  Fig.  28 
*e  a  function  of  the  nunber  of  scatters ra  per  wavelength. 


Table  XXIV 

ELECTRICAL  CONSTANTS  WITH  DRV  WOOD  BARS  MEASURED 
WITH  300<Ji£W  TWO-WIRE  LINE 


Rand on 
Distribution 

N usher 

Kuafcer  of 
Scatters ra 

n 

Relative 

Dielectric 

Constant 

i 

£ 

r 

Relative 

Persi-abiUty 

*»r  *  *♦  >r 

Loss  Tangent 
■1 

1 

2* 

4,0*4 

0.907  -  jQ.013 

0,018 

2 

34 

1,039 

0*983  •  48.013 

0.010 

3 

3S 

1 481 

0,976  *  iO-OiS 

0-O1T 

4  ■ 

3d 

l.Odd 

-  jO-013 

0,817 

S 

81 

1 ,051 

4  - 

0.5HM*  -  40-015 

0,017 

Average 

Li!„J 

1-071 

-  3&SIU 

0  -Oi7 

-  _a 

fe,  Wgj 

The  eeaawSWsf  afed  -.elcwl^tsd  Value*  -or  the  %§r*  with  IS 
pevc<x»t  water  ceetsot  tf  weight  ec«  suMKerised  in  Tables  XXV 5  SWVSi 
respective!/ .  the  average  values  of  the  reel  pert  *>s  the  rela¬ 
tive  dielectric  ceevtsett  sod  pcraeabilitr  are  is  Fig,  'iS  a*  a 

Sureties  el  the  auBfier  §.£  *««tiercrs  as#  **v»>1!:u*aa.-  Values  are  alee 


fable  MV 


ELECTRICAL  CONSTANTS  WITH  SUV  «0CS>  CALCbUTS* 

for  soo-ojjm  r-o-#iR£  yse 


Number  of 
Sestterers 

n 

Relative  Dielectric 

Const sot 

t# 

r 

Kelstive  peraesbilitf 

t  .  1 1 

%.  s  Mp  -  4»*r 

5 

10 

l.OU 

5.004  -  JO  .000 

2.0033 

20 

1.0  36 

1.000  -  JQ.QOO 

0,007 

20 

i.oeo 

1,003  -  40,000 

0.009 

30 

1  1 .079 

1.000  -  40,000 

0.010 

shown  oe  Fig.  29  for  bars  with  S  percent  water  coats?;*  fcs*  the  case  of 
160  scatterers  per  waveiecgtb- 

c.  Ketal_Re^_s 

Measured  aed  calculated  values  are  summarized  in  Tables 
XXVIII  and  MIX,  The  average  values  ef  the  real  parts  ©f  the  emp ie& 
relative  dielectric  constant  and  permeability  are  shewn  in  Fig.  30  as  a 
function  of  the  number  of  scattered  per  wavelength. 


s*  eiscuisisn  ef  Laberatery  Voi t tg|g *§e»t tegf  r _Teat§ 

In  general  there  was  suite  g«ed  agreement  wtween  the  values 
of  the  effective  varies  relative  dielectric  eeestset  sad  temple*  rela¬ 
tive  permeability  ef  the  regie©  filled  with  seatterers  calculated  ee 
the  basis  of  representing  the  short  scatter era  as  effective  lossy  sheat 
capacitances  en  the  trsaswtesiea  line  and  the  average  values  actually. 
«easuaned  with  the  lisas  is  the  laboratory.  This  agfee«enf  further  ea- 
c<jv? s-£c *  us  to  cess ider  e*t  luatiec  these  esaotitses  for  an  actual  f ores ■ 
f rest  forest  seesurat ton  data  fi.e,^  distributism  or  tree  esses  and  svsber 
of  tree*  per  unit  area  or  nearest -oeighhor  distance  data!  together  with 
the  oeesurad  eyiect  off  a  stogie  free  Is.e,,  seattererl .  fevb  forest 
oeasuratieo  date  are  available  for  selectee  forests  m  *•&* i land." 5  it 
would  reec.fe*  nsSy  to  deternioe  by  seasarwoeet  t>e  eguiveisst  circuit  of 
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FIG,  28  EFFECTIVE  ELECTRICAL  CONSTANTS  OF  VOLUME  CONTAINING  DRY  WOOD 
BARS— CALCULATED  AND  MEASURE.)  WITH  300-ofc.n  TWO-WIRE  LINE 
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Table  XXVI 


ELECTRICAL  CONSTANTS  WITH  WET  (15  PERCENT  WC)  WOOD  BARS 
MEASURED  WITH  300-OHM  1W0-$2RE  LINE 


Random 

Distribution 

Number 

Number  of 
Scatterers 

n 

Relative 

Dielectric 

Constant 

K 

Relative 

Permeability 

4r  =  o'  -  Jo" 
r  r  r 

Loss  Tangent 

i 

1 

25 

•  1 

1.000  -  .10.011 

0.025 

2 

24 

0.998  -  J0.011 

0.022 

3 

25 

0.698  -  JO  ,015 

0.028 

4  " 

25 

1.120 

1.012  -  jO  .015 

0,028 

5 

21 

1.099 

1,009  -  JO .014 

0.025 

Average 

24 

1.107 

1,000  -  jO  .013 

0.025 

Table  XXVI I 

ELECTRICAL  CONSTANTS  WITH  WET  (15  PERCENT  WC)  WOOD  BARS 
CALCU7ATED  FOR  300 -OHM  TWO-WIRE  LINE 


Number  of 
Scatterers 

n 

Relative  Dielectric 
Constant 

< 

Relative  Permeability 

or  =  p;  - 

Loss  Tangent 

6 

10 

1 .040 

1.003  -  jO.OOO 

0.006 

20 

1 .079 

0.999  -  jO.OOO 

0.012 

25 

1.110 

1.005  -  jO.OOO 

0.017 

30 

1.171 

1.000  -  jO.OOO 

0.019 
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RELATIVE  PERMITIVITY. 


NUMBER  OF  SCATTERER5  (PER  WAVELENGTH )  d-«4o-iot*i» 

FIG.  S3  EFFECTIVE  ELECTRICAL  CONSTANTS  OF  VOLUME  CONTAINING  WET  WOOD  0ARS-- 
CALCULATED  AND  MEASURED  WITH  3QOohm  TWO-WIRE  LINE 
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RELATIVE 


Table  XXVI II 


ELECTRICAL  CONSTANTS  WITH  METAL  RODS  MEASURED 
WITH  300 -OHM  TWO -WIRE  LINE 


Random 

tribute 

Number 


1 

2 

3 


Number  of 
Scatterers 

n 

Relative 

Dielectric 

Constant 

< 

Relative 

Permeability 

'■'V  =  ^ 

Loss  Tangent 
6 

23 

1.064 

0.999  -  JO .013 

0.015 

24 

1.063 

0.992  -  J0.012 

0.O15 

25 

1.081 

0.997  -  JO .013 

0.015 

25 

1.004  -  JO. 013 

0.015 

21 

1.098 

0.992  -  JO. 012 

0.016 

24 

1.073 

0.997  -  JO .0X3 

0.016 

Table  XXIX 

ELECTRICAL  CONSTANTS  WITH  METAL  RODS  CALCULATED 
FOR  300 -OHM  TWO-WIRE  LINE 


i 

Number  of 
Scatterers 

n 

Relative  Dielectric 
Constant 

i 

er 

Relative  Permeability 

M„  =  m'  -  Jm'' 
r  r  r 

Loss  Tangont 

5 

10 

1.027 

1.002  -  JO. 000 

0.002 

20 

1.057 

0.998  -  JO. 000 

0.005 

25 

1.064 

1.001  -  JO  .000 

0.006 

30 

1 .082 

1.004  -  JO. 000 

_ 

0.006 

tho  troos  as  a  function  of  truo  size,  shapo,  and  distance  from  the  lino 
of  lntorost  (such  as  was  done  for  tho  oak  trues  in  Sec,  V-C-6)  in  order 
to  generate  tho  required  sot  of  equivalent  lossy  capacitors.  These 
equivalent  circuits  could  then  bo  used,  along  with  tho  tochniqi^  - 're¬ 
sented  above,  to  calculate  v.ho  effective  cloctrical  proportios  of  tho 
forost  considered  as  a  lossy  dloioctric  slob.3  These  values  could  then 

71 


RELATIVE  PEWMJTIViTY, 


O  «; 

A  K 


•  aah 


w 


uo- 

M5- 
I.IO  - 
I.Q5- 

1,00  L 


eo 


j- 


-i _ L 


160  192  200 

NUMBER  0?  SCATTERERS  (PER  WAVE LENOTH) 


240 


1.10 

<05 

1.00 

0.95 

090 

0.65 


0*«MO«tOM» 
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AND  MEASURED  WITH  30(RJvn  TWO-WIRE  LINE 
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RELATIVE  PERMEABtUTY,  p.r' 


be  compared  with  actual  values  of  the  slab  constants  as  determined  by 
open-wire  transmission-line  measurement .6 ta  This  technique  is  illus¬ 
trated  in  Sec,  VI. 

5,  Results  of  Measurements  with  Transmission  tines  in  Living 

Vegetation  in  South  Carolina 

Data  already  have  been  taken  under  this  contract  with  trans¬ 
mission  lines  in  forests  in  the  western  part  of  the  U.S.6#®>10  and  in 
Thailand . 11 >ia>i3  The  purpose  of  this  section  is  to  present  and  discuss 
some  results  obtained  more  recently  in  living  vegetation  in  South  Carolina. 

The  \/8  two-conductor  line  was  used  in  clumps  of  small  pines 
(see  Figs.  31  and  32)  and  camellia  bushes  (see  Fig.  33)  to  measure  at 
17  MHz  the  relative  dielectric  constant,  loss  tangent,  and  complex  rela¬ 
tive  permeability  of  the  volume  containing  the  living  vegetation.  The 
data  (see  Table  XXX)  were  obtained  with  a  440-ohm  line  (5/8-in  conductor 
diameter  and  12-in  spacing)  on  a  cool  (48°F),  cloudy  spring  day.  The 
relative  humidity  was  75  percent.  Two  line  orientations  were  used: 
plane  of  line  parallel  to  ground  and  plane  of  lino  perpendicular  to 
ground . 

Tho  values  of  complex  dioloctric  constant  obtained  with  tho 
lino  parallel  to  tho  ground  compare  with  typical  valuos  obtained  In  tho 
oarlior  forest  measurements  reported  in  Refs.  8  and  13.  It  may  bo  noted 
that  the  valuos  of  tho  rool  part  of  tho  complex  dioloctric  constant  ob¬ 
tained  with  the  lino  porpondicular  to  tho  ground  are  somewhat  higher 
than  tho  valuos  obtained  with  tho  lino  parallel  to  tho  ground,  indi« 
coting  that  tho  vogotation  is  anisotropic  as  observed  with  tho  lino. 

This  is  in  contrast  to  oarlior  results  whoro  tho  lino  oriontation  pro¬ 
duced  essentially  similar  rosults,  and  also  in  conflict  with  tho  study 
on  anisotropy  presented  in  Soc.  XV  of  this  report.  Prosumobly  this 
opponent  observed  anisotropy  in  6*  rosults  from  tho  small  number  of 
samplos  averaged  to  give  the  valuos  shown  in  Table  XXX.  The  observed 
values  for  tho  loss  tangent  appoar  more  isotropic— as  oxpoctod  for  a 
lino  with  R^  as  high  as  440  ohms  (soo  F*g.  13)— whereas  the  setuol  values 
of  loss  tangent  in  forests  probably  are  anisotropic 4  'B  *  *6 
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The  observed  values  of  relative  permeability  alto  agree  rea- 
soaabl”  well  with  previous  observations*^  The  oae  observed  value  of 
^  in  Table  %%&  less  than  one  nay  be  considered  unity  to  within  the 
accuracy  of  the  **»?*w«#attt  (see  also  Appendix  K  for  a  discussion  of 
teaser**#  eat.  errors  roused  by  incomplete  spatial  sampling  such  aa  avoid¬ 
ing  the  pieceaeat  of  a  ts»«  trunk  at  the  0*L  input). 


VI  CaSCLvSiGitf  AHQ  R£COifi©mfI0hS 


A,  cor.clmiQR* 


(I)  %%  waa  dstewiiaad  theomticsHy  sad  vnri fiad  sxperlaeo- 
tally  that  the  aaximm  effective  seeding  vduae  for  a  300- 
ohm  line  is  *  cylinder  Cot  radius  approximately  1-1/2 
times  the  iim  spacing)  placed  syoMSetricsUy  around  the 
line  and  approx  tamely  the  length  of  the  line,*  Of  course* 
the  region  of  greatest  sensitivity  is  nearest  the  con¬ 
ductors  in  the  vicinity  of  voltage  maxims. 

€2)  Open  wise  lines  (OiVt),  except  possibly  very  low-impedance 

lines  fa  <  LOO  ohms),  are  not  very  useful  to  resolving 
c 

anisotropy  of  the  sodium  into  which  the  line  is  inserted. 

C2)  Single  scatterers  such  as  tree®  near  m  may  he 
modeled  as  lossy  shunt  capacitors,  the  capacitance 
is  a  funettu©  of  the  geometry  Ci.e.*  tree  sixe* 
shape*  and  proximity  to  the  line) .  the  measurements 
of  equivalent  sfeuat  conductance  were  not  as  accurate 
as  the  capacitance  eeasurueeists*  hot  the  lie l tea  re¬ 
sults  obtained  indicate  that  the  Loss  tangent  of  the 
equivalent  capacitor  is  relatively  insensitive  to 
seetterer  {x*siUo«.  these  results  on  the  effects  of 
seatterers  are  important  regarding  the  theory  of  Ri 
transmission  lines  passing  near  trees  as  sell  as  for 
the  model  sag  of  wave  propagation  in  forests, 

t4)  a  forest  can  he  considered  to  consist  of  an  ensemble 
of  such  scatterers  distribute*  eir-o*  the  transmission 


*Ttw  c«h@§ft  of  a  sensing  radius  or  velegg  im  lspttcits,  bet  nevertheless 
it  is  of  tome  oi§#3ti3§f#  SO  visualising  &§»  tfeO  line  Samples  th#  ©lee* 
t rival  properties  of  ©  vegetated  region 

7$ 


line .  fcfcea  the  equivsicct  circuit  of  a  single  seat- 
lerwr  (tree)  as  a  function  of  the  geometry  is  known 
sad  when  tb*s  distriboUop  of  tree  sixes  sad  shapes 
is  known  for  a  given  forest #  thou  these  data  can  bo 

used  to  compute  the  affective  Macroscopic  electric 
coastaots  for  a  forest  considered  as  a  lossy  dielectric 
slab. 

(5)  therefore,  0#L  probe*  are  useful  for  estimating  the 
macroscopic  electrical  properties  of  s  volume  con¬ 
taining  livis#  vegetat ion— even  shea  significant  scat- 
tevers  tree  trunks)  are  pms#ot-**i  though  the 

results  of  0»L  messuraaects  must  &t  interpreted  vita 
cam  in  this  latter  case  and  in  other  cases  where 
ap isotropy  may  be  significant. 

a,  .  Racoauendatjuns 

Cot  elusions  (41  and  (i|  should  be  checked  by  e&perlssot  »«  follow*; 

U'  the  statistical  distributive  »f  tree  heights,  diameter* 
ma  spacing*  should  be  determined  fat  a  given  forest, 

42*  the  equivalent  circuits  for  representative  esespie 
trees  of  this  forest  should  be  measured  as  a  fug^-tieo 
of  pnesieity  to  an  0*h  C@r  C0*L*s). 

(3)  the  ©fleet tv*  esc  re  seep  iv  electric  eenstat»t*  fur  the 
slab  should  be  calculated  fur  many  cases  using  the 
sendee  program  discussed  in  sec.  v  and  an  estimate 
ef  the  actual  slab  properties  inferred  frem  an 
average  ei  these  results. 

( *)  these  tension; -  should  then  be  Used  in  a  forest -slab 
nedel  So  predict  antenna  5yei Sht-gaiw  and  path-loss 
functions. 


<5)  Thou,  bo  OWL  probe  should  be  used  to  measure  the 
effective  slab  coostasts  is  the  actual  forest  and  s 
comparison  made  with  the  average  values  computed 
using  the  rsodoe  program. 

(6)  it w  height-gaio  »c4  path-loss  fuactjeas  should  be 
recalculated  using  electrical  constants  computed 
from  the  cctusi  0*L  measurements , 

l?)  the  height-gain  sod  path-loss  functions  then  should 
be  measured  sod  compared  with  those  calculated  tiding 
both  inferred  sod  measured  slab  constants. 

If  the  suggested  comparisons  prove  successful,,  then  a  significant 
step  will  have  bees  teles  toward  relation  the  type  of  forest  de-rcript ious 
currently  owing  made  t*  anviroraentai  sclent  :gts*®  to  the  seeds  of  re- 
searcher*  is  the  field  of  radio  propagation  and  communication. 


ii 


Appendix  A 


DERIVATION  OF  RELATIVE  POWER  DENSITY 
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Appendix  A 


DERIVATION  OF  RELATIVE  POWER  DENSITY 


For  a  TEM  wave,  the  power  density  S  is  given  by 

S  =  K(Vcp)2 


where  K  is  a  constant,  cp  is  a  scalar  potential  function  satisfying 


and 


Bcp 

r)S  "  ° 


on  the  surface  S  of  the  conductors . 


In  order  to  find  the  power  density  around  the  open  twr-wire  ’  ine, 
we  first  consider  the  power  density  in  the  region  oetwnen  tue  conductors 
of  a  coaxial  lino. 

Using  polar  coordinates  r  and  9,  we  have 


1_ 

2 

r 


Because  of  symmetry,  v  is  independent  of  9.  Tho  above  equation  reduces 
to 


V  =  Clnr  +  D 


where  C  and  I)  are  constants . 

Preceding  page  blank 
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Since  the  boundary  of  the  conductors  is  defined  by  r  =  a  and  r  =  b, 
the  condition 


on  the  surface  S  of  the  conductors  was  satisfied  automatically  when  we 
chose  cp  to  be  a  function  of  r  only. 

2 

(Vcp )  =  rV>  •  Vq> 


*  C  C 

=  r  -  *  r  - 

r  r 


The  power  density  S  becomes 


S  =  K(Vcp) 

'■  2 
r 

A_ 

::  2 

r 

2  2  2 

whore  r.  =  u  +  v  f  and  u,  v  are  rectangular  coordinates. 

Tho  total  powor  flowing  down  tho  lino  is 

1 

i 

P  = 

Jr 


1 

3  =  2tt  /  P(u.v)rdr 

°  I 


^  2nAln 


(k) 


Wo  normalize  S  so  that 


S 

P~ 
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P 


B7 


From  the  transformation  we  defined,  we  have 


U  =  ,  1 . 2  2 

(x  +  1)  +  y 

2y 

V  —  - .r. . ■■ 

,  ,,2  2 

(x  +  1)  +  y 

Substituting  in  the  above  expression  for  p(x,y),  we  have 


p(x,y)  =  - 

(*2 

For  a  contour  of  constant 


4B _ 

2  \2  2 
+  y  -  1/  +  4y 

power  density,  let 


p(*,y)  =  Pk 

and 

D2  =  ^  . 

Pk 

Then, 

/  2  2  ,\2  .2  2 

( x  +y  -If  +4y  =  D 


At  x  =  0,  y  =  0,  wo  have 


and 


pk  ,  40 
0  =  > 


So,  il  wo  tako  t)  =  1  contour  os  0-dB  contour,  then  tho  powor  in  dB  based 
on  D  s  1  contour  us  roioronco  is  givon  by 

p  =  10  io«io  b 


BB 
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Appendix  B 


EQUIVALENCE  OF  POWER  FLOW  IN  THE  COMPLEX  z  AND  w  PLANES 


It  is  known 
2 

tior.ai  to  (Vcp)  , 


that  for  the  TEM  wave; 
that  is, 


the  power  density  S  is  propor- 


S  =  K(7cp)2 


where  K  is  a  constant,  tp  is  a  scalar  potential  function  satisfying 

2 

V  cp  =  0 

and 

B  o 

nS 

on  the  surface  S  of  the  conductors.  Let  the  mapping  Z  =  F(w),  where 
z  =  x  +  iy,  and  w  =  u  +  iv,  be  conformal;  then  Cauchy-Riemann  equations 
apply;  that  is, 

dx  Ay 
du  ~  dv 

and 

dx  _  _  dy 
dv  §u 

The  equations  for  motric  coefficients  aro  known  to  be 


ox 

dx 

dy 

dy 

§7  * 

du 

dv 

ex 

3X 

dr; 

dx 

a  c — 

OU 

»  *  •» 
dv  du 

ov 

s  0 
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» 

I 

i 

[ 

i 

t 


=  5w 


The  gradient  of  p  is  therefore  givon  by 


and 


CAp)*  «  ?p  -  ?<? 


$0  w  ha'-'-fc* 


ut»d«r  the  cwSenwi  <wppit>4. 


The  twist  is© 
sss  .fee  v-piaee  is 


bet  we  9  the  ar«S 
£©U©d  tr»  bs 


eieeect  dA 

sy 


ie  t fee  s-plottr1  usd  3A 

WK> 


SC 


=  dvv 


The  gradient  of  tp  is  therefore  given  by 


arid 


So  wo  iutvo 


under  the  conformal  mspping. 


The  relation  between  tho  area  ulomont  dA  in  the  z-plnno  and  UA 

xy  uv 


iu  tho  w-plano  is  found  to  be 
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and  the  power  in  each  plane  is 

P  =  S  dA  =  Tk/v  cp\2l  dA 
xy  xy  xy  \  xy^i  J  xy 

P  =  S  dA  =  Tk/v  m\2l  dA 
uv  uv  uv  It  uv^l  uv 

where  P  ,  S  ,  and  P  ,  S  are  the  power  and  the  powor  density  in  the 
xy'  xy’  uvJ  uv  J 

z-plane  and  the  w-plane  through  the  respective  area  elements . 

Since 

Nvf]  “xy  =  [K  M’] 

■['M'J.-v 

wo  conclude  that 


which  soys  that  under  the  conformal  mopping  the  power  in  any  uvea  of  the 
z-plane  is  the  same  as  the  power  in  the  equivalent  area  of  the  w-plane. 
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Appendix  C 
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PROPAGATION  CONSTANT  AND  PHASE  VELOCITY 
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Appendix  C 


DERIVATION  OF  EQUATION  USED  FOR  COMPUTING 
PROPAGATION  CONSTANT  AND  PHAbE  VELOCITY 

In  this  appendix  we  derive  an  expression  for  the  propagation  con¬ 
stant  of  a  T-M  wave  on  a  two-wire  transmission  line  partly  filled  with 
dielectric  (see  Figure  C-l). 

<2:*2r  U'S)€o 

8  IS  LESS  TANGENT 


FIG.  C-1  TRANSMISSION  LINE  GEOMETRY 

We  wish  to  find  an  approximation  to  the  propagation  constant  for 
the  quasi  TEM  wave  on  a  two-wire  transmission  line  that  has,  along  its 
length,  two  dielectric  materials  (we  are  assuming  one  to  be  empty  space, 
but  this  is  not  necessary).  The  boundary  between  the  two  dielectric 
materials  is  everywhere  parallel  to  the  conductor  surfaces--! .e. ,  parallel 
to  the  2-uxls.  in  finding  the  propagation  constant  we  will  consider 
the  case  where  the  line  is  term mat el  in  its  characteristic  impedance 
so  that  we  have  only  a  wave  propagating  in  the  positive  t  direction. 

We  will  assume  (or  define)  the  power  Slow  through  any  surface, 
closed  or  open,  to  be  given  by 

Preceding  page  blank 
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7 


P  =  Re 


/* 


Sdo 


where  n  is  the  unit  normal  to  the  surface  and 

* 

S  =  -  L  v  H 
2 

In  particular,  the  power  flow  cf.  in  open  wire  line  is 


P 

o 


CD 


o  o 


z 


S  r  dr  dG 


Now  consider,  briefly,  the  TEM  wave  on  the  air-filled  line  with 
the  same  conductor  configuration.  For  the  lossless  case,  E  and  H  are 
in  phase  and  S  is  real. 


Hence 


Note  also  that 


-2J ►  * 

U  •  1  =  H  1  H  e 


where  the  reference  phase  is  taken  at  the  point  z  =  0. 
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If  we  partly  fill  the  line  with  a  dielectric  whose  dielectric  con¬ 
stant  is  of  the  order  of  magnitude  of  unity  the  H  field  will  not  change 
very  much.  We  will,  therefore,  compute  the  propagation  constant  for  the 
partly  filled  line  from  the  TEM  H  field  in  the  air  filled  line. 

In  either  region  of  the  partly  filled  line  the  transverse  component 
of  E  is  perpendicular  to  H,  and  H  is  related  to  E  by 

“  -  - 

H  -  -  z  X  E  , 

Y  , 


where 


Y  =  ot  +  j@ 


is  the  propagation  constant  we  wish  to  find. 

Thus 

a  -  -  v  -  V  I  —  1 3  -2j$z 

z  •  E  x  H  ■  -*-  H  •  H  ■  -x-  H  .  e  - 
ju>e  joje 


Now  let 


rm  r  -  -  - 

v  =/  /  z  *  E  X  H  r  dr  d8 


which,  upon  substitution  of  the  foregoing  result,  becomes 

-2.1.8  z  J2n  ® 


v  = 


Ye 


Ju> 


/'/  i  « 


r  dr  d0 


o  o 


,  -2J8z 

Note  also  that  v  «  ?te  ,  where  P  is  the  power  flowing  on  the  partly 

-yz 

filled  line.  Since  both  E  and  H  vary  as  e 


v  “  o 


-2yz 


and 


dv 

—  a  -2yv 
dZ 
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Tner~forc, 


Y  ^ 


dv 

1 

2  v 


To  find  dv/dz  start  with,  the  identity 


/v  *  i  X  Hdv  =  /  n  *  i  X  Hda 
v.  J  £ 


3 

I 

4 
-3 


where  v  is.  the  volume  outside  of  the  conductors  in  a  section  of.  trans* 
mission  line  of  length,  h,  and  may  extend  radially  to  infinity.  The 
integral  over  the  cylindrical  surface  bounding  the  transmission  line 
approaches  zaro  as  r  ®,  hence 


*  1 

2rr  » 

2n  oo 

f  f  z  •  £  x  HrdrdQ 

*/Q  v/q 

- 

f  f  z  *  E  x  KrdrdP 

z4h 

0  o 

■  /'  ' *  *  V  -  /» • > 


x  K  la 

conductor  surface 

When  we  divide  by  h  and  take  the  limit  as  h  o  we  obtain 


2n  <3D 

s-// 


^  '  E  x  HrcfrdS 

'O  "O  "C 


-  /S  •  E 


X  HdS 


Tho  integral  on  the  contour  around  the  surface  of  the  conductors 
Jn  •  E  X  iUs  a  f  E  •  H  x  hds 

*X)  c 


and  on  the  conductor  surface 


11  x  n  o  J  =  zJ 
s  s 


■f 

I 
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where  J  is  the  surface  current  density.  Now 
s 


E  =  Z  J 
z  s  s 


where 


Z  =  R  +  JX  =  (1  +  j)  /p" 
ass  y  2<j 


is  the  surface  impedance  and  a  is  the  conductivity. 
Hence 


y*n  •  E  X  His  =  (1  +  1  Jgl  "ds 


and 


2tt.  op 


s  y  y  V  *  E  X  HrdrdQ  -  (1  + ■' De"’2^^  jf  |  Jgl  2ds 


o  o 


1  ■ 

/  i 

'  / 

!  f. 


i  . 


If  we  use  the  vector  identity 


V  •  £  X  H  =  H  '  7  X  £  -  E  •  V  x  H 


f. 

4  v 

i  ' 

i . 

I  ■ 

4 


and  substitute  from  Maxwoll’s  equations 

7  X  ii  *  jU»€E 
v  X  i  »  jaiiH 


i 

% 


we  obtain 


^  *  E  X  H  *  -JUifuH  •  H  +  cfi  •  £} 


When  we  assume 


eJ ■«  |i| 
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and  use  the  relationship 


rj  v  ? 

T  =  v  A  -Ci 


we  obtain 


v  .  E  X  H  i-j<ue”2jgz!u  -  ~ 


H 


U) 


If  we  now  let  2^  be  the  cross  section  surface  over  the  air-filled  region, 

and  2  be  that  over  the  dielectric-filled  region,  we  find 
2 


dv 

dz 


-jui 


t  ■  ^:){  |h|M;i  '  ^){|B| 


da 


-2,tf  z 


-  (1  +  j)  R  / i J  i  dse 

3/  S 
C 


/j.  |2,  -2J0z 


and 


+  (1  +  jl 


Rs  /*  ;  ,  1 2 

r/(jsi 

•x 


If  we  define  the  attenuation  constant  due  to  the  power  dissipatod  in  the 
condu< 
i  o., 


conductors  in  the  usual  way,  then  the  last  term  on  the  right  is  (1  +  J)Of  , 

0 


ff 


J  |  ^ds 
s 


OK  c 
0 
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where  is  the  power  carried  in  the  wave  traveling  in  the  positive  z 
direction  on  the  partly  filled  line. 


Since  we  are  assuming  the  H  field  on  the  partly  dielectric  filled 
line  to  be  the  same  as  that  on  a  line  with  air  as  a  dielectric,  we  can 
think  of  the  integrals  in  the  expression  as  the  fractions  of  the  power 
flowing  in  the  corresponding  regions  of  the  air-filled  line;  thus, 


and 


If  we  now  divide  both  the  numerator  and  the  denominator  of  the  first  term 

on  tha  right  by  P  and  write 
o 


and 


we  obtain 


o 


0 


2(1  +  j)acv 


p  +  ~(i  -  P) 
e2r 
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where  6  is  the  loss  tangent  of  the  dielectric  material  in  region  2, 

If  the  power  loss  due  to  the  conductors  is  negligibly  small,  so  that 


Or  =  0 


then  the  above  equation  reduces  to 


2 

V  = 


-ft 


P  + - (1  -  P) 

®2r 


In  this  expression  e  may  be  complex: 

2r 


e  =  e'  (l  -  j6 )  , 

2r  2r 


We  can  solve  t! is  equation  for 

2r 


to  yield 


**v 2 ( l  -  P) 

ml.  -  i  ■  m  ■  i  m 

2  2 
ft  +  y  P 
o 


As  a  check  on  the  validity  of  the  above  exp**ession  for  v  we  can  com¬ 
pare  the  result  obtained  from  it  with  the  propagation  constant  for  the 
trnnsvo; ;*e  magnetic  mode  in  a  special  case  that  is  relatively  easy  to 
solve.  The  coaxial  transmission  line  with  a  coaxial  dielectric  sheath 
around  the  center  conductor  and  an  air  space  between  that  and  the  outer 
conductor  is  such  a  case ,  When  we  make  the  small  argument  approximations 
in  the  Bessel  functions  obtained  in  this  solution,  the  two  results  are 
Identical,  We  noto  also  that  this  simple  case  can  be  approximated  by 
assuming  that  the  capacitance  per  unit  length  is  equivalent  to  that 
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obtained  by  connecting  those  of  the  two  regions  in  series  and  that  the 
conductance  per  unit  length  is  that  for  the  air-filled  line.  This  ap¬ 
proximation  also  yields  the  identical  result  for  y. 


Appendix  D 


DERIVATION  OF  RELATIVE  POWER  DENSITY  IN  BOTH  x  AND  y  POLARIZATIONS 
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Appendix  D 


DERIVATION  OF  RELATIVE  POWER  DENSITY  IN  BOTH  x  AND  y  POLARIZATIONS 


For  a  TEM  wave  the  electric  field  intensity  E  is  given  by 


E  =  -  cp  V  F 
uv 


whore  cpz  is  a  function  only  of  z,  and  p  is  a  function  of  u,  v  satisfying 

V2  F  =  0 


on  the  surface  S  of  the  conductors. 

Let  u,  v  be  the  bipolar  coordinates.14  Then  we  find 


F  =  Au 


E  »' Am 


| cosh  u  -  cos  v 


)“ 


1  -  cosh  u  cos  v  - 
cosh  u  -  cos  v 


sinh  u  sin  v  » 

■  ■  ■  •  — . .  y 

cosh  u  -  cos  v 


so. 


A’p 


A?p_ 


K  =  (1  -  cosh  u  cos  v)  x  -  •  (sinh  u  sin  v)  y 


The  ratio  of  the  y  component  oi  E  to  the  x  component,  |/|E  I,  is 

!e.  ' 


y  1  sinh  u  sin  v 
[  "  cosh  u  cos  v  -  1 
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r~ 


c  sinh  u 
cosh  u  -  cos  v 


c  sin  v 

cosh  u  -  cos  v 


Using  the  additional  identities 


2  2 
sin  v  +  cos  v  =  1 


2  2 
cosh  u  -  sinh  u  =  1 


we  can  solve  for  sin  v,  cos  v,  sinh  u,  and  cosh  u  in  terms  of  x,  y. 
This  results  in. 


sin  v  = 


|  2  2  2  \  2 
^  /l  *  +  y  -  c  I  +  (2cy) 


I  2  2  2\ 

lit  -  C  I 

COS  V  =  - pc  •-•-.jr-  ■■■■  li  l 


X  7 


')  * 


(2cy)‘ 


sinh  u  = 


2  2  2f  ,2 

<  +  y  -  c  j  +  (2cy) 


cosh  u 


I  2  2  2) 

lx  ♦  y  ±  c  I 


2  2 
x  +  y 


-7 


*  (2cy)‘ 


Substituting  the  above  expressions  in  the  expression  for  |e  l / | , 

y  x 


wo  l'iiul 


)Ey  |  I  2xy 

■pn* c  i  2  2 

'  x1  |x  -  y  -  c 


no 


A 


Somali  a  log  tbo  coordinates  with  c,  wo  have 

K\  » 


2xy 

x2  „  y2  „  i 


.  2  2 

4x  y 


Is  [ 

x! 


Z  {  2  %  vV 

\*  -  y  -  \| 


Since  the  power  density  p  osd  b  in  x^  sod  y-poiartzatioe#  re- 

*  y 


spectiveiy,  are  gives  by 


Ki- 

?x  *  % 


P  « 


I*  I* 

y 


y  a« 


we  have, 


P, 


,22 

jtg_  y 


(*2  *  y*  *  i) 


(D-D 


ffts  relit i§8  between  ttse  tots! 
ItM  wiwe  is  5«ee4  to  be 


density  p  §g  ?  .  pu  Sot*  tie 
s*  J? 


P  a  ft  •  D, 
*  y 


it  >  *p*mt  tbit 


P  « 


/.  3  j  ,r  ,ij 

is  *  y  8  If  *  4s  y 


wihNe 


*  *  **»  *fW 


ns 


Normalizing  the  coordinates  with  c;  we  have 

|E-'  '  2xy 


2  2 
x  -  y  -  1 


i  J-* 

1  y 


.  2  2 
4x  y 


IE  |"  (  2  2  _r 

x'  ^  -  y  -  i; 


Since  the  power  density  P  and  P  in  x-  and  y-polarization,  re- 

x  y 

spectively,  are  given  by 


ug 

PX  --2T 


P  = 


e  i‘ 

I  yl 


y  “  2C 


we  have, 


Ik  \‘ 
1  y* 

ie  r 

X  1 


.  2  2 
4x  y 


(x2  *  /  -  l) 


(D-l) 


The  relation  between  the  total  power  density  P  and  P  ,  P  for  tho 

x  y 

TEM  wave  is  found  to  bo 


P  =  Px  4  py 


It  is  known  that 


P  • 


•IB 


I  2  2 

V  A  2  2 

+  y  - 

1  ♦  4x  y 

whore 


B  =  £/2«“R 


ctw 
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so. 


4B 


P  +  P  =  _ 

x  y  /  „  „  \  2 


/  2  2  .\Z  2  2 
lx  +  y  -  1 J  +4xy 


(D-2) 


Solving  (D~l)  and  (D-2)  simultaneously,  we  get 


P  = 

y 


16Bx2y2 


_(x2  +  y2  - x)  +  y2_ 


p  = 

X 


4B(x2  +  y2  -  l) 


V  * y2  -  l)’ 


2  2  \2  2  2l2 

+  y  -  1 }  +  4x  y 


1 .  The  Plot  of 


For  a  contour  of  constant  P  .  let 

x' 


P  =  P  ,  =  constant 
x  xk 


and 


d2  =  SSL 

*  Pxk 


then 


\i  1  i  )2  2  2I2 

■"*  ty  y*  yl  =d 
(»2  •  >2  -  *)' 


Thu  powr  in  dD  is  giver  by 


Px  3  10  logH>  p 
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2. 


The  Plot  of  Py 

For  a  contour  of  constant  P^,  let 


p  =  p  ,  =  constant 

y  yk 


and 


then 


2  2 


-  1 )  +  4x  y' 


.  2  2 

4x  y 


The  power  in  dB  is  given  by 


10  lov 


1_ 
i0  D 

y 
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Appendix  E 

ANALYSIS  OF  ADDED  CAPACITANCE  ON  A  TRANSMISSION  LINE 
TO  APPROACH  A  GIVEN  EFFECTIVE  DIELECTRIC  CONSTANT 
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Appendix  E 


ANAT  ifSIS  OF  ADDED  CAPACITANCE  ON  A  TRANSMISSION  LINE 
TO  APPROACH  A  GIVEN  EFFECTIVE  DIELECTRIC  CONSTANT 


The  following  computations  were  made  as  a  check  on  the  validity  of 
representing  a  transmission  line  with  discrete  capacitive  scatterers 
(shunt  capacitors)  as  a  line  with  a  higher  dielectric  constant  and  no 
shunt  capacitors. 

For  the  TEM  wave  on  a  two-conductor  transmission  line: 


the  voltage, 


conductor  2 
E'dr 

conductor  1 


> 


Since 


the 

total  current, 

I  =  &  H‘ds 

J  conductor 

l  or  2 

> 

and 

the  charge 

unit 

length 

q  =  l  n*Dds 

J  conductor 

*.  or  2 

• 

n  X  E  a  0 

and  n'H  =  0 

at  tho  conductor  surface,  and  since 

Ui  -  cIh| 


whore 

und 


£  s»  tho  modulus  of  tho  impedance  of 
tho  modi um 

D  a  eE 
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q  =  e  f  |  E|  ds 

conductor  1 


Therefore^  the  characteristic  impedance 


V  I—  C 

Rc  =  7  “A/  «r  V|E|  ds 


/ 


conductor  1 


and  the  capacitance  per  unit  length  is 


e  e 

C  „  JL° 

v  V 


/ 


I E I  ds 

conductor  1 


The  added  capacitance  per  unit  length  due  to  increasing  the  dielectric 

constant  from  1  to  e  is 

r 


c'  = 


(e  -l)s 

-S—^IkU, 

*  conductor  1 


Now  suppose  we  place  n  capacitors  per  wavelength  (\)  on  ar.  air 
dielectric  line,  each  capacitor  having  a  capacitance 


c  .K 
s  n 


Then,  as  n  increases,  the  equivalent  dielectric  constant  should  approhc.lv 
a.vd  the  relative  permeability  should  approach  unity. 

On  the  air  line,  euch  shunt  capacitor  has  a  normalized  admittance. 


whore 


V  «  j2itfC  R 
s  s  c(air) 


£  a  frequency,  in  Hz 


2rrf\  . 

Y  -  J - C#  H  , 

s  n  c(air) 
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where 


*&?92syti « <su  j»  mwmwim 


2tjv 

Y  =  j - -  (e  -1)  e  C 

S  f.x  1*  o  o 


V  =s  phase  velocity  in  air 
o 


?,TT 

Y  =  j—  (e  -1) 
s  n  r 

In  our  computation  we  let  C  have  a  small  loss  factor,  6,  such  that 

S 


€  =  c1  (1  -  J6) 
r  r 


For  cosflputations  with  equally  spaced  uniform-size  capacitors  two 
circuits  were  used  (see  Figure  E-l). 


CIRCUIT  I 


•In 


.-X/8  —  ■ 


OPEN 

OR 

SHORT 


CIRCUIT  2 


•In 


•X/8 


tt" - m 

• _ JLXJ 


OPEN 

OR 

SHORT 


FIG.  Evt  EUUIVAUlhMT  CIRCUITS  FOR  CAPACITIVELY  LOADED  TRANSMISSION 
UNE 

Example  computations  of  6*  and  u  were  made  using  equally  spaced 

r  r 

uniform-size  capacitors  in  Circuits  1  and  2  for  the  case: 

«  »  1.2(1  -  jQ. 05) 
r 


n  *  a *24 


a ■*  1  to  20 


The  results  are  plotted  In  Figure  E-2.  Notiee  that  when  the  number  of 
capacitors  (soattcrers)  per  wavelength  is  large  that  both  circuits  yield 
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the  same  (and  correct)  answer.  On  the  other  hand,  when  the  number  of 

scatterers  is  small,  both  circuits  exhibit  a  bias,  Circuit  2,  more 

nearly  the  case  in  actual  field  measurements  described  in  Ref,  13,  where 

* 

the  vegetation  was  cleared  from  around  the  bridge  input  to  the  line, 

yields  results  slightly  high  for  e'  and  lightly  low  for  p7.  Notice 

r  r 

that,  for  a  given  number  of  scatterers,  the  value  of  either  6^  or  pi  ob¬ 
tained  by  averaging  the  results  from  Circuits  1  and  2  is  che  correct 
value  to  use  in  the  slab  model.  This  implies  that,  because  of  incomplete 
spatial  sampling  (i.e.,  never  having  a  tree  trunk  right  at  the  bridge  in¬ 
put),  the  average  of  the  observed  values  of  p^  given  in  Ref.  13  should  be 
somewaat  less  than  unity— and  indeed  such  was  the  case.  Nevertheless, 
contrary  to  the  discussion  in  Ref.  13,  the  true  value  of  p^  in  the  forest 
being  measured  probably  was  unity,  and  the  assumption  p^  =  1  should  be 
used  in  forest-slab-model  computations.  In  addition,  the  true  value  of 

e  probably  always  was  greater  than  (or  equal  to)  unity.  Finally, 
rl 

future  measurements  should  include  complete  spatial  sampling  relative  to 
the  geometry  of  the  scatterers. 

Computations  also  were  made  for  the  case  of  random  scatterer  size 

and  location.  For  the  random-size  scatterers,  the  average  value  of  Y 

was  set  equal  to  Y  above.  Except  for  increased  spread  of  the  computed 
s  . 

data  points,  essentially  the  same  conclusion  was  reached;  Namely,  that 
&  transmission  line  with  discrete  scatterers  placed  along  it  can  be 
represented  as  a  line  immersed  in  a  scatterer-freo  region  of  higher 
dielectric  constant — provided  there  is  a  sufficient  number  of  scatterers 
present  (per  wavelength)  down  the  line. 


* 

Private  communication,  li.  W.  Parker. 
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